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ABSTRACT

In order to es ablish requirements for emergency preparedness plans at
facilities licensed by the Office of Nuclear Materials Safety and Safeguards,
the Nuclear Regulatory Commission (NRC) needs to develop source terms (the
amount of material made airborne) in accidents. These source terms are used to
estimate the potential public doses from the events, which, in turn, will be
used to judge whether emergency preparedness plans are needed for a particular
type of facility. Pacific Northwest Laboratory is providing the NRC with
source terms by developing several accident scenarios for eleven types of fuel
cycle and by-product operations. Several scenarios are developed for each
operation, leading to the identification of the maximum release considered for
emergency preparedness planning (MREPP) scenario.

The MREPP scenarios postulated were of three types: fire, tornado, and
criticality. Fire was significant at oxide fuel fabrication, UFx production,
radiopharmaceutical manufacturing, radiopharmacy, sealed source manufacturing,
waste warehousing, and university research and development facilities.
Tornadoes were MREPP events for uranium mills and plutonium contaminated
facilities, and criticaiities were significant at nonoxide fuel fabrication and
nuclear research and development facilities. Techniques for adjusting the
MREPP release to different facilities are also described.
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example, Section 3.3 is the discussion of UFg plants and processes; Section 4.3
is the corresponding section that discusses accident scenarios.

The MREPP calculations are found in Section 5. One of three general
scenarios--fire, tornado, or criticality--was the MREPP accident for all
facilities considered. Therefore, this section presents information on the
accident type, followed by details relating to the specific facility category
where it was the MREPP event.

The NRC identified specific facilities to be used for our release cal-
culation development. Details on plant and process descriptions for these
facilities are in Appendices A through J.

Information in this report was developed using a literature review and
plant visits., The literature review included NRC docket information, safety
assessments, journal articles, environmental reports, standard accident
criteria, research reports, experimental data, and symposia proceedings. Plant
visits were made when possible.

Because a large range of facility types is covered, the information avail-
able is not at the same level of detail and completeness for all categories.
Therefore, the number of descriptive subsections describing the plants and
processes varies with facility type.
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locations where it enters or exits a system to prevent buildup of the
potentially explosive gas. Hydrogen gas may be stored outside or may be
provided by cracking ammonia.

Chemicals such as acetone, isopropyl alcohol, trichloroethylene used for
cleaning, and detergent are stored in small quantities (50 to 100 gal) within
the plant, These chemicals may also be found in l-gal dispensers in various
locations in the plant.

Hydrogen peroxide, calcium oxide, and potassium hydroxide are used for
effluent treatment and may be stored outside the facility, Hydrochloric acid
and caustic are used to regenerate resins for demineralizing water for UF
hydrolysis. These two chemicals may be stored in 100- to 7000-ga) tanks,

3.2 URANIUM FUEL FABRICATION PLANTS (NONOXIDE FUEL)

These uranium fuel fabrication plants make fuel for test reactors. To
develop a description of nonoxide fuel fabrication plants, environmental
reports, license applications, radiological contingency plans, and other docket
material was obtained for the following plants:

l. General Atomic, San Diego, California
2. Rockwell International, Canoga Park, California.

3.2.1 Process Description

3.2.1.1 Operation

Metal and mixed carbide fuels are made for research reactors. The
nonoxide fuel fabrication process starts with highly enriched uranium metal
which may be mixed with an alloying metal in an induction furnace. The metal
may be rolled, punched, drilled, or crushed and compacted, The fuel is
machined and shaped, then enclosed in a metal such as aluminum or stainless
steel, The enclosing process may include placing the fuel in a frame, covering
it with side plates and rolling the metals together, or the fuel may be
injection cast into metal tubes or loaded into a can or mold., Fuel elements
may be inspected, cleaned, and pickled in a HNO4=HF mixture before being
combined into fuel assemblies,

Mixed carbide fuel is made by mixing highl{ enriched U0p=Thl, with
graphite flour and heating the mixture to form UC =ThC, kernels, These kernels
are shaped into spheres by heating to a temperatu;c in excess of the kernel
melting temperature, then coating with carbon and silicon layers in fluidizing
furnaces, Coated kernels are injected into a hot mold with a matrix material
to form a rod., Rods are inserted into a graphite block,

3.2.1.2 Maste Disposal

Contaminated solid waste is usually packaged for disposal at a licensed
burial ground. Some combustible waste may be incinerated on site. Liquid
waste is generally treated and retained on site before release.
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3,2.1.3 Scrap Recovery

Scrap recovery operations usually involve dissolution of the scrap in acid
followed by filtration and purification of uranium by solvent extraction.
Uranium is then precipitated and calcined.

3.2.2 Facility Description

3,2.2.1 Buildings

Hanufacturing buildings range from less than 7,000 to over 20,000 ftz.
Room sizes range from 300 to 2500 ft“, Fabrication areas are separated from
other areas of the plant by concrete or double-wall construction,

Manufacturing areas are generally of substantial construction. Floors are
made of poured concrete. Walls are concrete or concrete block with structural
steel supports. The roof may be prestressed concrete, Storage vaults of much
more substantial construction may be provided for the storage of nuclear
materials.

3.2,2.2 Heating, Ventilating, and Air Conditioning Systems

Pickling operations may be equipped with fume scrubbers to remove airborne
contaminants. Most areas have HEPA filters to reduce radioactive emissions to
the atmosphere. Process areas are kept at negative pressure and airflow is
generally from areas of least to greatest potential contamination. Minimum
atrflow 1s usually six changes per hour from each room,

Metal machining equipment or other process equipment generating dusts and
powders are operated in inert atmospheres that may use fireproof fume hoods to
pravent fire or explosion hazards.

3.2,2,3 Engineered Safety Systems

Manual fire extinguishers are usually provided in various locations
throughout the plant. Automatic detection systems and sprinklers may be pro-
vided in critically safe areas., Welding operations and process steps generat-
ing pyrophoric metal dusts are performed in an inert atmosphere. Explosive gas
detectors are located in areas where flammable solvents may be used., Com-
bustible waste is kept in covered containers.

3.2.2.4 Surrounding Area

The plants are located in light industrial areas. Many sites also contain
rasearch facilities and test reactors as well as the fuel fabrication process.
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3.2.3 Inventory
3.2.3.1 Radioactive Inventory

Less uranium is possessed in nonoxide fuelzggants than in oxide plants.
License limits range from 1,500 to 2,500 kg of .

Nuclear materials can be found in the form of U0, or ThO, powder; uranium
metal ingots, chips, or buttons; ADU and UNH solutions; and ufanium encased in
aluminum, zirconium, stainless steel, or carbon and silicon spheres. Each
station may handle from 350 93&0 13 kg of nuclear material while vault storage
may contain over 1000 kg of U in various forms,

3.2.3.2 Hazardous and Combustible Inventory

Uranium and zirconium metal chips and fines are pyrophoric; therefore,
machining operations using these materials are frequently performed in inert
atmospheres., Zirconium chips and fines may be limited to 1 1b or less at each
machine. Materials may be collected in 5-1b cans, sealed with inert gas, then
stored in concrete storage areas. Pickling operations require HNO4 and HF
solutions, which may be stored in large tanks,

Scrap recovery operations use nitric acid, formic acid, polyvinyl alcohol,
or tetrafurfural alcohol for dissolution of materials. An organic solvent is
used as a purifying agent in solvent extraction systems. The organic solvent
used in metal uranium fuel fabrication plants is not identified in the open
literature,

Natural gas, fuel oil, and propane may be used as heating fuels in the
plant. Fuel oil and propane may be stored in large tanks both under- and
aboveground, Natural gas may be piped in from outside the plant. Fuel is used
to provide power and space heat via steam plants, and to heat calciners, fur-
naces, and incinerators.

Cleaning chemicals such as detergent, trichloroethylene, and solvents are
used in the plant, These chemicals may be stored in 55-gal drums but are
limited to 1-gal or less safety cans around process equipment,

Lab coats, plastic shoe covers, and other protective clothing may be found
At entrances to contaminated areas. These combustibles contribute to the fuel
loading of an area.

Compressed or liquified gases such as nitrogen and argon are used to
provide inert atmospheres for processes involving pyrophoric metals.

3.3 URANIUM HEXAFLOURIDE PRODUCTION PLANTS

Uranfum hexafluoride production plants designated for inclusion in this
study produce UFg from yellowcake. This can be done using either wet or dry
processes.,
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The two plants in the United States producing UFg from yellowcake were
used to characterize this type of facility. They are:

1. Allied Chemical Corporation, Metropolis, I1linois
2. Kerr-McGee Nuclear Corporation, Gore, Oklahoma.

Unit operations for both plants include sampling, feed preparation, con-
version, purification, condensation, and packaging. However, the Kerr-McGee
plant uses the "wet" process to purify uranium prior to conversion to UFg while
the Allied plant uses a "dry" process and has the purification process a?t
the conversion step.

3.3.1 Process Description

3.3.1.1 Operations

Yellowcake received in 55-gal drums is emptied into a hopper or falling
stream unit, weighed, and sampled in a sampling system. The yellowcake is
checked for sodium and other impurities.

In the dry process, feed with a high-sodium content goes through a sodium=
removal process consisting of a four-stage counter-current decantation system
using ammonium sulfate solution., Feed is then calcined to U;0g, blended,
agglomerated, dried, crushed, and sized to a uniform-particle size. Feed
preparation in the wet process consists of digesting yellowcake in nitric acid
to form uranyl nitrate.

In the wet process, uranyl nitrate solution is purified in a solvent
extraction process using tributyl phosphate in hexane as the solvent, The
uranium=loaded solvent is washed with dilute sclutions of ammonium sulfate and
sodium hydroxide to remove impurities, then stripped of uranium in a pulsed
stripping column., Product solution is evaporated and denitrated in a stirred
reactor to U3, which is milled to a a uniform size.

Conversion to UFg for both the wet and dry processes takes place in a
series of fluidized bed reactors. The first reactor uses reducing gases from
dissociated ammonia to convert UO and U 0 to UD, powder, The next two
reactors use HF as the fluidizing gas to cgnvert 60 to UF4. Fluorine provided
by the electrolysis of HF is the fluidizing gas in %he fluorinator that con-
verts UF4 to UF6'

The dry process now goes through purification with high- and low=-boiling
distillation columns removing impurities such as molybdenum and vanadium,

Purified gaseous UFg is condensed in cold traps. Condensed solid is
reheated intermittently go that liquid UFg is drained off into cylinders.
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3.3.1.2 Waste Disposal

Liquid wastes may be treated with lime in settling ponds and held prior to
release to a waterway. Combustible wastes may be incinerated or drummed for
burial at a licensed burial site.

The Allied plant has a scrap recovery system that uses sodium carbonate
solution to leach uranium from finely ground scrap. The leached material is
drummed as low-level waste, and the recovered uranium is precipitated with the
addition of sodium hydroxide and sent to the sodium removal facility.

3.3.1.3 Other Operations

Both plants have an electrolysis system that supplies fiuorine to plant
operations. The Allied plant also produces sulfur hexafluoridc, iodine
pentafluoride, and antimony pentafluoride.

3.3.2 Facility Description
3.3.2.1 Buildings

The plants are located within a 54- to 75-acre fenced-in area in an 860-
to 2100-agre tract of land. The main process areas may cover 12,000 to
26,000 ft®, The Allied plant's main process building is six stories high, 2
Uranium hexafluoride cylinder storage areas cover from 25,000 to 200,000 ft°,

Most of the Allied plant buildings are concrete block, except for the main
processing building, which is steel framed with sheet metal siding. The
Kerr-McGee plant structures are all steel framed with some walls constructed to
obtain a 4-h fire rating.

3.3.2.2 Heating, Ventilating, and Air Conditioning Systems

Dust collectors are used in dust-generating areas, such as the samp'ing
area.

Scrubbers process gases from the digestion and solvent extraction areas of
the Kerr-McGee plant and from various parts of the conversion operation in both
plants. Less care is taken to contain airborne particles from UFx plants than
from uranium fuel fabrication plants because the materials handled have less

radioactivity.

3.3.,2.3 Surrounding Area

Both plants are located in rural areas with low population densities, No
obvious impacts can be seen that might impact on the facilities from outside
sources.
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3.3.2.4 Engineered Safety Systems

Fire protection is provided with manual fire extinguishers and water
hoses. Automatic extinguishing systems are provided in extremely hazardous
areas such as the solvent extraction area and substations,

Alarms that detect abnormal operations in the plant signal are located in

the operating rooms. A manual alarm activated by personnel can be set off to
alert the plant to releases.

3.3.3 Inventory
3.3.3.1 Radioactive Inventory

Plant capacities range from 10,000 to 14,000 tons of UFg per year,
Uranium at these facilities can be found as:

® Uranium hexafluoride stored outdoors in l0- and 14-ton cylinders may
total 1000 to 11,000 tons of uranium,

® Yellowcake in 55-gal drums with 700 1b of uranium drum totals 1000 to
7000 tons of uranium,

® Uranium in other forms in the plant may total 100 to 250 tons of
uranium,

3.3.3.2 Hazardous and Combustible Inventory

The chemical, hazardous, and combustible materials that might be found at
a UFg production plant are listed in Table 3.1,

2.4 URANIUM MILLING

Uranium mills extract and partially refine uranium from uranium ore, and
the materfal is then prepared for shipment to a UF. or U0 facility for
additional front-end fuel cycle processing. The uganium $ 5"}§R°d 2350 solid
in powder formzsalled yellowcake, which contains the isotopes U, 1, and
predominately U (Geffen, 1981),

No specific mills were identified by the NRC for inclusion in this study,
Therefore, this report is derived from information obtained from Environmenta)
Impact Statements (USAEC, 1974; USNRC, 1977b, 1980) and from documents describe-
ing reference uranium mills (Schneider and Kabele, 1979; Schneider, 1982). No
site visits were conducted, nor was specific information available from
radiological contingency plans,
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Material
Ammoni a

Ammonium sulfate
Ethylene glycol

Fluorspar

Fuels

Hydrofluoric acid

Lime

Nitric acid

Potassium hydroxide

Sodium carbonate

Sodium hydroxide

Sulfuric acid

TABLE 3.1. Chemical and Fuel Materials Found at UFg Production Plants

Description

Stored in 15,000~ to 25,000-gal tanks and used to provide
reducing gases to various processes,

Used to pretreat impure feed.

May be used to cool the cold traps in the condensation
process.

May be used as the bed material in the fluidized bed
reactors.

Tiquid petroleum gas (LPG) are
used in the plants fo .ct or backup heating and to
operate process + ‘fpment, Natural gas may bde piped in
from city lines + fuel ofl and LPG are usually stored
outside in tanks i 10,000« to 0,000-gal capacity.

Natural gas, fuel ofl,

Stored in 30,000-gal tanks and used as a fluidizing gas
and to produce fluoride for the fluorinators in the
conversion process.

Used to treat liquid was.e,

Used to dissolved feed in the wet process and stored in a
15,000-gal tank,

Used in the scrubbing system,

May be used to wash empty uranfum cylinders and used in
the uranfum recovery process.

Used in scrap recovery,

May be used in chemical manufacture and to treat liquid
waste,

3.4,1 Process Description

3401

Operations

Ore 15 shipped by truck from the mines to uranfum mills,

The majority of

uranium mi11s use an acid leach process to extract urantum from the ore; how=
ever, a few mills use an alkaline leach system,




The mills receive the ore from nearby mines via truck on a daily basis,
and the ore is stored on pads awaiting processing. Most mills operate on a
365 day/yr continual basis, and throughput may vary from 1000 to 2000 tons of
ore per day, producing 400 to 7000 MT of yellowcake per year. The ore is fed
by conveyor into & building where a crushing and wet-grinding operation 1,
performed, In an acid leach, the slurry from the process is treated with
sulfuric acid to leach uranium, In the alkaline system, sodium carbonate is
mixed with sodium chlorate and steam in leaching tanks, In either process, the
leach solution 1s then passed to a counter-current decantation operation using
a series of washing tanks where the sand and slimes are removed and transferred
to the tailings impoundment, The resultant clarified solution ‘s then usually
passed to a solvent extraction process where the uranium is concentrated and
purified in a series of reactor and settling vessels using kerosene-carrying
amine<type organic solvents., The aqueous raffinate from this process is transe
ferred to the tailings retention area. The concentrated uranfum remaining in
solution 1s precipitated as ammonium diuranate by addition of ammonia., The
precipitate is concentrated and washed in thickeners and dried in a dryer at up
to 1200°F, The dried concentrate is then crushed to sizes less than 6 mn and
packed in 55-gal steel drums for storage and shipment,

3.4.1.2 Waste Disposal

The primary forms of radtoactive waste from the milling operation consist
of the solid and liquid effluents from the decantation circuit, the solvent
extraction process, and the uranium precipitation step, These wastes are
pumped into the tailings area at a rate of approximately 1 ton of solid waste
per ton of ore processed, The solids, liquids, and slimes remain 1n the
tatlings pond and are held in place by an earthen and clay dam, Tallings ponds
may cover several hundred acres and stand 100 to 200 ft high,

A secondary source 0 radioactive waste 1s the ore dust and yellowcake
dust generated throughout the milling operation, Most of the yellowcake dust
is removed by the wet scrubber Systems in the process buildings,

Nonradioactive wastes consist of miscellaneous solids, such as chemical
containers, cardboard containers, and other paper trash, Liquid effluents
other than those discharged to the tallings area, are organic solutions used
during the solvent extraction phase and removed perfodically,

3.4,2 Facility Description
d.4,2.1 Buildings

Information on typical uranfum mi 1] operations 1s shown in Table 3.2,

The crushing bullding houses the ore-crushing devices and has a fairly
open interfor, The main mi1] building contains the grinding and acld leach
operations, as well as the yellowcake drying and packaging areas, The counters
current decantation pump house contains the pumps used to transfer solutions
and slurries to and from the thickener tanks, The solvent extraction building
houses the settling tanks and precipitation equipment,
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TABLE 3.2. Information on Typical Uranium Mill Operations

Area Dimension, m Construction Feature
Crushing 16 x 12 x 20 Steel Insulated walis,
Concrete floor
Conveyor 41 x 9 x 18 Steel Wood floor
Ore bins 25 x 9 x 26 Steel
Mill building 54 x 42 x 15 Steel Concrete floor
Counter-current 40 x 15 x 10 Steel, concrete Concrete floor
decantation
Solvent extraction 62 x 27 x 13 Steel
building
Thickener tanks 34 x 4.3 Wood
Maintenance 30 x 18 x 8 Steel
Change house 30 x 18 x 8 Steel
O¢fices 3B x 15 x 3 Steel

3.4.2.2 Heating, Ventilating, and Air Conditioning System

Dust from crushing, grinding, drying, and storage operations is collected
by wet scrubbers. Fumes generated by leaching and solvent extraction systems
may be discharged to the air without treatment.

3.4.2.3 Engineered Safety Systems

Most process areas at uranium mills have fire alarms and sprinklers,
Water or foam suppression is stored on site for the fire-suppression system.

3.4.2.4 Surrounding Area

Uranium mills tend to be located in very rural areas within convenient
distances of the uranium mines. Most mills are located in the western
United States in Wyoming, Colorado, Utah, New Mexico, and Texas. No other
facilities that might pose a threat from an accident standpoint are located
near the mills.

3.4.3 Inventory
3.4.3.1 Radioactive Inventory

Radioactive inventories at uranium mills consist of 238u a"dz§§5 daughter
products (primarily thorium, radium, and radon). The amounts of U are
small.
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A typical mill will process 1000 to 2000 tons of ore per day containing
approximately 0.2% of U30g per ton, or 2 tons of U30g/day. Assuming an
activity level of 515 uei per ton of ore, and contgg ous turnover of the ore,
2000 tons of ore represents approximately 1 Ci of throughput per day.
Assuming further that 95% of the uranium is recovered as yellowcake, roughly
3.8 tons of yellowcake are produced per day for a 2000-ton throughput of ore.
Because as much as 200 tons of yellowcake may be stored prior to shipment,
total act 'vity in stored U30g may be 5 Ci.

A conservative estimate of radioactivity levels in the tailings pond area
would be as follows:

o 328y, 0.1 mCi/ton

e 3%. 0.0 mCi/ton

o 2307, 0.036 nCi/ton
226

» Ra: 0.38 mCi/ton.

A typical tailings pile might contain roughly 1.5 «x 107 tons of tailings,
yielding the following levels of activity:

238

o U: 150 Ci

o 23%. 150 i

e 230rn. 5400 ci
226

° Ra: 5700 Ci.

3.4,3.2 Hazardous and Combustible Inventory

Potentially hazardous materials used during the uranium ore process steps
are shown in Table 3.3.

Miscellaneous combustibles would include paper, cardboard, and wooden
furniture., The acid leach tanks (six 18-ft-diam x 18-ft-high tanks) may be
constructed of wood, as well as the clarifier tank (65-ft diam) and the
thickener tanks (five 105-ft-diam x 17-ft-high tanks).

Propane (or natural gas) is used to generate process heat. The uranium
precipitate dryers use propane or natural gas also and may contain 1600 1b or
more yellowcake at any one time,

Emergency power is frequently provided by a diesel generator using fuel
0oil stored in an underground tank (3000 gal). Additionally, the fuel oil may
be burned in steam boilers to provide building heat and/or hot water used in
various stages of the ore processing.
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TABLE 3.3. Materials Used in Uranium Ore Processing

Material Quantity
Amines (organics) 62 1b/day
Ammonium sulfate 250 1b/day
Anhydrous ammonia 10,000 1b/day
Fuel oil 3000 gal in storage
Kerosene 170,000 gal/day
Liquid glue 320 gal/day
Organics storage 217,000 gal/storage tanks
Polymeric flocculants 6 1b/day
Propane (natural gas) quantity unknown
Sodium chlorate 2000 1b/day
Sulfuric acid 2600 gal/day

3.5 PLUTONIUM CONTAMINATED FACILITIES

The plutonium contaminated facilities are plants formerly used as mixed
oxide or mixed carbide fuel fabrication plants, which are now being decon-
taminated and decommissioned.

Four plants are used to characterize this type of facility:

1. Babcock and Wilcox Plutonium Facility, Parks Township, Pennsylvania

2. General Electric Nuclear Center, Vallecitos, California

3. Kerr-McGee Plutonium Fuel Plant, Cimarron, Oklahoma

4, Westinghouse Plutonium Fuel Development Laboratory, Cheswick,
Pennsylvania.

3.5.1 Process Descripticn

3.5.1.1 Operation

During plant operation, the facilities made mixed oxide or mixed carbide
fuel using the process discussed below.

Blending was done by mixing Pu0, and UO, powders, or mixing Pul,, uo,, and
C powders in a reducing atmosphere in high temperatures and milling %he
resultant product, or mixing plutonium and uranium nitrate solutions and
coprecipitating the mixture from solution with the addition of ammonia and
drying and calcining the precipitate to form mixed oxide. The powder was then
compacted, broken into granules, pressed into pellets, and sintered in a
reducing atmosphere. Sintered pellets were ground to a specified size in a
centerless grinder and loaded into tubes.
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3.5.1.2 Scrap Recovery

Scrap recovery operations involved solvent extraction and/or ion exchange
systems., Scrap was dissolved in nitric acid; uranium and plutonium were
separated out onto the organic solvent or resin; then uranium and plutonium
were recovered from the organic state and converted to a usable form,

During decontamination, process equipment is taken apart, cleaned, and
prepared for shipment to a licensed burial site.

3.5.2 Facility Description

3.5.2.1 Buildings

Plutunium contaminated facilities are located on 60- to over 1000-acre
sites of which about 60 acres is used to house proces§ buildings. The fabrica-
tion plant itself may range from 10,000 to 100,000 ft® in floor space.
Uperations are usually located on the ground floor, although a basement may
also contain radioactive material, If the facility has a second floor, it is
usually used for heating, ventilating, and air conditioning (HVAC) equipment.

Individual room sizes range from 200 to 3500 ft2 in area with ceiling
heights of 12 to over 30 feet. OQerations are contained within glove boxes.
An average room has about 1400 ft~ with 17 glove boxes.

Construction materials are generally concrete and steel. The basement, if
provided, is reinforced concrete like the floor slabs. Walls are usually
reinforced concrete block, although one of the plants has corrugated steel
siding exterior walls and cement plaster interior walls with steel studs. The
roof may be metal decking supported by structural steel columns, or steel
decking with concrete slab.

Plants may contain a vault and/or a hot cell area, which are built of much
more substantial construction than the rest of the plant. Hot cells may have
2- to 3-ft-thick high-density concrete walls.

3.5.2.2 Heating, Ventilating, and Air Conditioning Systems

Plutonium contaminated facilities use from one to three stages of HEPA
filters to filter exhaust air. Airflow is always toward areas of greater
potential contamination and glove boxes are generally kept at negative pressure
with respect to the room. Room air may be recycled.

3.5.2.3 Engineered Safety Systems

Plutonium contaminated plants have automatic fire detection systems that
alarm at various locations in the plant. Manual dry chemical fire extin-
guishers are provided in most locations. Some areas may have automatic dry
chemical extinguishing systems or automatic sprinklers. Backup power is
provided as well as redundant ventilation systems to protect the final filters
from fire.
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3.5.2.4 Surrounding Area

Most plutonium contaminated facilities are located in rural areas outside
of small towns. The Kerr-McGee plant is in an oil-producing area; the
Westinghouse plant has several gas stations located nearby. Other than that,
no potential accident impacts are seen on the plants from their surroundings.

3.5.3 Inventory
3.5.3,1 Radioactive Inventory

Mixed oxide fuel plants may have nad from 5 to 100 kg of plutonium and
mixed oxide in jeopardy during plant operations. However, very little remains
af.er decontamination,

To provide a reference point for the source term, facilities are assumed
to have been emptied of their inventory and initially cleaned so that only
ground-in contamination of glove boxes, building surfaces, and ductwork
remains. Measurement of Tgximum residual groand-in contamination at a fuel
cycle facility was 5 x 1077 g of plutonium/cm” (Mishima and Ayer, 1981).
Because of uncgrtainty about the,level of contamination as a conservative
value, 1 x 10 " g of plutonium/m~ was used to estimate ground-in contamination
(Mishima and Ayer, 1981), This value has been selected for use here.

Plants contain from 50 to 80 glove boxes. At an average, glove box size
of 7 ft x 3 ft, total cogtaminated areas in the plants (inside of glove boxes)
ranges from 570 to 760 m“, Therefore, about 47 to 76 mg of plutonium are

present as materials at risk in the facility.

3.5.3.2 Hazardous and Combustible Inventory

During plant operations, chemicals such as nitric acid, ammonia, acetone,
hydraulic fluid, tributyl phosphate, ana organic solvents were used for various
processes. Reducing gases, commonly hydrogen, were required for sintering and
calcining steps.

Six basic groups of combustible materials were commonly used in mixed
oxide (MOX) plants. An estimate was made of the quantity of each type of
material based cn the number of glove boxes and glove box construction and
use. Table 3.4 lists these materials along with their use and the range of
quantities found.

Juring decontamination and decommissioning operations, the plants may
contain more cellulosics and some solvents for cleaning. After decontamina-
tion, only the glove boxes themselves are assumed to be left. Viewing windows,
rubber gasketing, and plastic covers remain.
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TABLE 3.4, Typical Combustibles in Mixed Uxide Plants

Mate-~ial Form Quantity, 1b
Cellulosics Papers, rags, wipes 1600 - 2250
Elastomers Rubber gloves, gaskets 900 - 12,175
Hydraulic fluid Lubricants 16 - 70
Polymethyl methacrylate Glove box viewing windows 4800 - 6900
Polystyrene Ion exchange resin ] 50 - 225
Polyvinyl chloride Wrapping, bagging, covers 650 - 920

3.6 RADIOPHARMACEUTICAL MANUFACTURING

Radiopharmaceutical manufacturing plants produce radionuclide labeled
compounds for medical diagnostics and tracers. They can produce many or only a
few isotopes. Four radiopharmaceutical manufacturing facilities were
investigated in this study:

Abbott Laboratory, North Chicago, Il1linois

New England Nuclear (NEN), Boston, Massachusetts

New England Nucled: (NEN), North Billerica, Massachusetts
E. R. Squibb and Sons, New Brunswick, New Jersey.

B W N -

Each site was visited during this investigation.

3.6.1 Process Description

3.6.1.1 Operation

Al1 four plants label organic compounds with radioisotopes for use by
hospitals and reseasgh fggilities for patient diagnosis and treatment. Two
plants manufacture ““Mo/”“Tc generators (NEN-Billerica and Squibb) and two
perform radioiodination (Squibb and Abbott) of diagnostic substances. At
present, the only work at the Abbott facility is radioiodination. Squibb
production is about equally divided between radioicdination and generator
production. Both NEN sites are invclved with a variety of processes.

At the NEN-Boston site, 3H, 14c, 32P, and 353 constitute t?ﬁ bu&E of
§§otopes handled; it is the only fagility of the four handling "~ 'C, P, and

S. Large quantities of tritium, “H, are also handled at this site. Produc-
tion, precursor, and syncnesis labs for tritium products represent a sizable
portion of the operation. {53addi§§on to gepgrators, Billerica produces
pharmaceuticals containing Xe, ~ Ga, and Tl. Billerica also operates a
source division, which handles a variety of isctopes, many produced by their
own cyclotrons.
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Labeling organic products is usually a wet chemistry process conducted in
fume hoods or glove boxes. Abbott and Squibb have small laboratories contain-
ing one or two hoods or glove boxes for labeling operations. New England
Nuclear uses large areas containing many hoods and glove boxes. Packaging and
shipping is generally an assembly line operation at all sites except Abbott,
whose small size precludes this approach. Al! of the plants have quality
control labs.

Generators are Bsoduced in an assembly line type of operation. Billerica
and Squibb load the ““Mo generators in a remote cell. Generators are trans-
ferred by conveyors.

Radiopharmaceutical manufacturers can purchase isotopes from vendors. At
all sites, radioactive materials arrive by truck to a warehouse/loading dock
type area. The largest concentration of activity in these areas is usually on
receiving days, which may be one to three times a week. At Billerica and
Squibb shipments leave through this area.

Curie amounts of isotopes may be received in bulk shipments and are
dispensed for production. The radiopharmaceuticals produced by these plants
are generally in the microcurie to millicurie range. Generators may each
contain a maximum of about 2 Ci.

3.,6.1.2 Waste Disposal

All sites produce similar waste products, although both quantities and
activity levels of wastes vary. Lab trash--paper, glassware, and clothing--is
a common waste form. Rejected products, generators, and vials of compounds,
for example, are disposed of as radioactive waste. Liquid waste can be
solidified and drummed (NEN) or held for decay and discharge after sludge
removal (Squibb and Abbott). New England Nuclear-Boston ships its waste to
Billerica. The other three facilities have separate waste warehouse areas.
Forklifts fueled by LPG or electricity can be used to move drums.

3.6,2 Facility Description

3.6.2.1 Buildinas

Facilities usually have buildings specifically designed for radiopharma-
ceutical operations. Concrete, concrete block, brick, and steel are used in
construction. Radioactive areas are isolated from nonradioactive areas and
buildings can be isolated to minimize the risk of spreading contamination.
However, the NEN-Boston production building is a converted wood and brick
warehouse that was constructed about 1890. This building is adjacent to
another production building designed for hardling radioactivity, and because
they are close, a major fire in one could spread quickly to the other.

Waste warehouses associated with these facilities are concrete and steel
buildings with concrete floors.
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3.6.2.2 Heating, Ventilating, and Air Conditioning Systems

All sites have central nheating and air conditioning. High-efficiency
particulate air and charcoal filters are commonly used for air cleaning.
Ductwork is sheet metal except at NEN-Boston, which has some polyvinyl chloride
(PVC) ducting., Warehouse areas are usuaily heated with gas or electric space
heaters.

3,6.2.3 Engineered Safety Systems

Sprinklers, fire alarms, exhaust air monitors, and radiation detectors are
used at all the facilities. Construction materials at the Billerica, Squibb,
and Abbott buildings promote fire suppression.

3.6.2.4 Surroundings
New England Nuclear-Boston is located in downtown South Boston in a
commercial district. The other sites are in rural cr sparsely populated

residential areas. Squibb and Abbott radiopharmaceutical labs are a small part
of larger facilicies.

3.6.3 Inventory

3.6.3.1 Radioactive Inventory

Table 3.5 lists the license inventory range of some of the more signifi-
cant iso*opes found at radiopharmaceutical manufacturers.

Of the four plants, both NEN facilities handle by far the ggeatest levels
of activity. The largest permissib]izgctivity level is 1.0 x 107 Ci of tritium
at NEN, Abbott's limit of /5 Ci of [ is one of the smaller holdings.

Although all the licenses permit possession of isotopes with atomic
numbers in the range of 3 to 383, only NEN possesses a wide variety,lggd these
are primarily a§3§he sougge d§§$sion at Billerica. Abbott handles I only;
Squibb handles [ and ""Mo/" " Tc only.

Has&e inventories range from 1 to 10 Ci at all sites except Billerica
where 10" Ci of tritium waste may be stored.

3.6.3.2 Hazardous and Combustible Inventory

Organic chemistry operations require the use of hazardous combustible
liquid solvents. All facilities use these materials, although again the amount
on hand varies with the size of the operation. Solvents and other chemicals
are generally stored in glass bottles with a capacity of 1 gal or less.

Lab paper, cardboard shipping containers, plastic containers, PVC piping,
acoustic tiles, and similar materials are found at all sites. Glove boxes can
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TABLE 3.5. Significant Inventories of Isotopes Licensed
for Radiopharmaceutical Manufacturers
Inventory or
Element Isotope Possible Form Range, Ci
Americium 2815y Sealed source 350
Carbon 14¢ Gas, labeled barium 500
carbonate, lab trash
Cesium 137¢s Lab trash, HCI 1 to 500
solution
Chromium 51Cr HC1 solution 0.001 to 100
Hydrogen 3H Gas in cylinders 10 to 1 x 10b
Gold 198y HC1 - HNO5 solution 200
lodine ig?x Lab trash, Nal 2 to 100
1 Lab trash, liquid 10 to 150
Iron Sfe  HC1 solution 200
Krypton 8SKr Gas 1 x 104
Molybdenum Mo Generator, NHgqUH 2 x 10°
solution
63, . . 3
Nickel Ni Solid, HC1 solution 1 x 10
Phosphorous 32%p HyPO4, lab trash 50 to 500
Selenium 753e HC1 solutiun 5 to 100
Strontium 905r Solid, encapsulated, 100 te 500
HC1 solution
Sulfur 3% H,S0,4, sodium 100 to 1 x 103
sulfate, elemental
sulfur, in benzene
Xenon 133Xe Gas in vials 103
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e Plexiglass®, as used at NEN. Some or all of the following combustibles are
used at all but the Abbott lab: oxygen, hydrogen, propane, and natural gas.

Billerica has a small surface tank farm for storing diesel and gasoline
fuel for yehicles. Squibb and NEN-Boston have underground diesel fuel tanks to
store fuel for emergency generators.

3.7 RADIOPHARMACY

Radiopharmacies receive radiopharmaceuticals and distribute them for use
by hospitals and medical research facilities. They are not production facili-
ties and thus do minimal handling of the isotopes. A hospital will either have
its own radiopharmacy or, as is becoming common in large metropolitan areas,
order radiopharmaceuticals from one or more private radiopharmacy firms serving
as central distribution points for all hospitals and research facilities in the
area. In the latter case, centralizing the firms increases the transportation
requirements because a single firm serving a number of clients must provide for
distribution of the required material.

Information in this section was taken from the Ohio State University
Radiological Contingency Plan for its hospital and nuclear pharmacy, and from a
site visit to a private radiopharmacy in Seattle, Washington. Data on radio-
active inventories were developed from a number of NRC licenses for private
radiopharmacies.

3.7.1 Process Description

3.7.1.1 Operation

A radiopharmacy receives shipments of radiopharmaceuticals from vendors
either in bulk quantities or as prepackaged diagnostic kits. In the latter
case, the pharmacy merely halds the gaterag%Tuntil it is required for use by
the hospital. Bulk material can be ““Mo/ ¢ generators. The radiopnarmacy
prepares individual doses by loading the required activity into a syringe, a
process usually conducted in a fume hood. If other bulk materials are handled
(e.g., iodine-labeled compounds), they may be dispensed in glove boxes. After
individual doses are prepared, they are transported elsewhere for use.

3.7.1.2 Waste Disposal

Waste generated at a radiopharmacy can include used generators and storage
packs and miscellaneous laboratory equipment such as paper, glessware, and used
syringes. These materials are collected in a central area and held for ship-
ment to a disposal site or stored until decayed sufficiently for disposal with
nonradioactive materials. Material can be uncontained (generators) or con-
tained in cardboard boxes or in drums.

® plexiglas is a trademark of Rohm and Haas, Philadelphia, PA 19105
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3.7.2 Facility Description

3.7.2.1 Buildings

Building design and construction is not standardized. A firm in Seattle,
Washington, occupies a concretsgblock building consisting of a small labora-
tory, a waste storage area, a ““"Mo generator storage area isolated by concrete-
plock cubicles, offices, and a shipping and receiving area. The Ohio State
University nuclear pharmacy is located in a hospital building and is a single
large room housing a fume hood, glove box, concrete and lead isotope storage
area, and work space. A separate room adjacent to the pharmacy houses the
waste storage.

3.7.2.2 Heating, Ventilating, and Air Conditioning Systems

Radiopharmacies usually have standard heating and ventilating systems
found in business locations. Electric baseboard heating or centrally supplied
heating and air conditioning are both identified for radiopharmacies. Fume
hoods and glove boxes have their own air discharge systems, and special
filtration is not identified.

3.7.2.3 Engireered Safety Systems

Fire extinguishers and/or sprinkler systems are used at radiopharmacies.
Exhaust air discharge from hoods or glove boxes may be monitored and alarmed to
notify personnel of an emergency.

3.7.3 Inventory

3.7.3.1 Radioactive Inventory

Typical radiopharmacy inventories agg giggg in Table 3.6. Not all firms
handle all of the listed isotopes. The “"Mo/ " Tc generator kits are the most
common, followed by iodine-labeled compounds. Actual inventories on hand may
be lower than the tabulated values. Short half-lives of many of the isotopes
indicated that there is either a fairly rapid turn around of inventories, or
isotopes are ordered only as needed on an intermittent basis.

3.7.3.2 Hazardous and Combustiple Inventory

Radiopharmacies may use limited amounts of solvents such as methanol for
cleaning equioment. Combustibles include builggng ggaerials and miscellaneous
paper and cardboard shipping containers. The ““Mo/”""'Tc generators can be
snielded by a 10-1b cask filled with depleted uranium,

3.8 SEALED SOURCE MANUFACTURING

Facilities ir this category produce sealed sources and self-luminous
devices. The types of processes, radioactive material inventories and
businesses vary widely. Nine sealed source manufacturing facilities were
investigated in this study:
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TABLE 3.6. Representative Radiopharmacy Inventories

Inventory or

Element Isotope Possible Form Range, Ci
Barium 1335, Sealed source 3 x 1073
Carbon 14 In vitro test kits 5 x 1073
Chromium e Sodium chromate 0.U13 to 0.02

labeled serum
Cesium 137¢ Sealed source f.u tg_§0'4 to
Cobalt 57¢o Cyanocobalamin 1.: i 10-4
(vitamin B12)
%8¢ Labeled cyanocobalamin 5 x 1073
60¢co Sealed source 2 to 3
Gallium %76a Gallium 1.2
Gold 198, Colloidal 0.5
Hydrogen 3H In vitro test kits 0.01 to 0.5
Indium Hiy, Indium 0.049
113In Indium chloride 0.5
[odine 1231 Sodium iodide 0.19
125 Sodium iodide, fibrogen 2.5 x 10-4
diagnostic kits to 0.1
131 Sodium iodide, labeled 0.1 to 4.5
organic compounds
Iron e 0.01 to 0.02
Molybdenum 99Mo/gngc Generators (liquid) 20 to 426
Selenium 755e Labeled compound 0.05
Strontium 905r Nitrate or chloride 0.01 to 0.5
Thallium 201y Thallium 2.1
Tin 113Sn 113Sn/lnmln generators 0,06 to 0,5
Uranium 238, Shielding for generators 91 kg
Xenon 133)(e Gas or saline 0.5 to 75
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1. Amersham Corporation, Arlington Heights, Illinois

2. Automation Industries, Phoenixville, Pennsylvania

3. Micro Display Systems, Inc., Norristown, Pennsylvania

4. Minnesota Mining and Manufacturing (3M), New Brighton, Minnesota
5. Monsanto Research Corporation, Dayton, Ohio

6. Pan American World Airways, Kennedy Space Center, Florida

7. Safety Light Corporation, Bloomsburg, Pennsylvania

8. Stocker and Yale, Inc., Beverly, Massachusetts

9. Technical Operations, Burlington, Massachusetts.

Information used for descriptions of sealed source manufacturers was
developed from NRC dockets for all firms and Radiological Contingency Plans for
3M, Monsanto, and the Safety Light Corporation.

3.8.1 Process Description

3.8.1.1 Oper. tion

Sealed-source production may be divided into two areas: 1) production of
doubly encapsulated alpha, beta, and gamma radiation sources; and 2) production
of self-luminous devices for use in watches, compasses, and aircraft instru-
mentation. Although within the first category not all sources will be doubly
encapsulated, this is the most prevalent means to ensure safe handling of the
isotopes. Such sources may be used in instruments, as reference sources, as
calibration sou~ces, or in smoke detectors. Self-luminous devices usually are
gaseous tritium sealed in a phosphor-coated glass ampule.

Sealed-source production metheds vary, but in general consist of receiving
the bulk isotope in an approved shipping container, dispensing the material in
the required amount< in an appropriate containment, placing the material in an
inner capsule that is welded or brazed, then sealing the inner capsule in an
outer capsule that is also welded or brazed closed. Thus little actual chemi-
cal processing occurs; rather, the operations are more a repackaging and
redistribution process. The 3M facility goes through a series of steps to
convert the raw isotope to microspheres prior to encapsulation, and this opera-
tion invclves some chemi.al processing. Tritium light source production
usually requires that the gaseous tritium be transferred to a glass ampule,
although in some cases a tritiated paint is produced for application tc watch
or compass dials.

3.8.1.2 MWaste Dicposal

Solid waste is usually produced by these firms. Liquid waste may be held
for decay before discharge to sewer systems, but more frequently is solidified
and then treated as solid waste. Most facilities have a special waste storage
area where 55-gal steel drums are held awaiting disposal at an approved site.
Because much of the waste can have a high specific activity, it is frequently
collected inside a hot cell or glove box and stored there in special con-
tainers. The waste is removed from the containment periodically and trans-
ferred to the waste storage area for final packaging and disposal.
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3.8,2 Facility Description

3.8.2.1 Buildings

Building design and materials show some consistency. Most radiation areas
are separated from other buildings, or, if in a main building, are separated by
special walls. Work areas tend to be divided into smaller modules for labs,
glove box areas, hot cells, storage, and services. Construction materials are
most often reinforced concrete or concrete block on a concrete slab. Roofing
materials are frequently metal paneling with an asphalt (tar) surface.

Interior walls are usually standard dry wall. A few facilities have wood
paneling for outside walls. Sometimes work areas or storage areas for sources
are in concrete below grade sheltered areas or ~unkers.

3.8.2.2 Heating, Ventilating, and Air Conditioning Systems

Ventilation in radiation areas almost always consists of air inflow from a
central system exhausting through fume hoods or glove boxes operating at nega-
tive pressure. Hot cells usually have their own nonrecirculatory ventilation
systems. Discharge is usually through two high-efficiency filters in series:
one at the containment exhaust port and the other at the discharge stack.

3.8.2.3 Engineered Safety System

Buildings can be made of reinforced concrete construction to provide a
strong facility. Sites may have below grade bunkers for storage of large
radioactive inventories,

Ventilation and other services can be monitored using alarmed systems to
warn of contamination spread. Buildings have sprinkler systems, and fire
extinguishers can be provided.

3.8.2.4 Surrounding Area

Most sites are located in urban industrialized areas. A number of
potential problem areas are located near the 3M site: propane storage, fuel
oil storage, ammunition, and gun powder storage.

3. 8.3 Inventorz
3.8.3.1 Radioactive Inventory

The.gumbegp of igoto handled i§, quite extensive, byt the most,common are
241y, "1 602, §H, mlr, ggxr, ilapo, ls’Pm, and 183‘,0. The g:zpm is
usually used in place of tritium in self-luminous devices, and the Am is
most often used in smoke detectors. The other isotopes are used to produce
alpha, beta, and gamma double encapsulated sources. [sotopes frequently
require handling in hot cells. Other isotopes are handled only in glove boxes.

Most of the radioactive materials come in solid forms: gauzes, metallic
wafers or foils, or powders. Tritium is handled as a gas.
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Radioactive inventories vary widely among the licensees. Some are permit-
ted only millicurie amounts of a particular isotope, usually as a purchased
sealed source for reference calibrations, while others may be permitted to
possess several thousands of gﬂries of that isotope. For example, 3M is
allowed to possess 200 Ci of ““Co, while Tech/Ops, Inc. is permitsed
15,000 Ci. The largest single possession limit is 100,000 Ci of “H by the
Safety Light Corporation. Significant maximum license inventories at sealed
source manufacturers are listed in Table 3.7.

3.8.3.2 Hazardous and Combustible Material

Hazardous materials are generally kept to a minimum in any areas where
isotopes are handled. Some solvents such as isopropyl alcohol may be used to
clean encapsulated sources. Minnesota Mining and Manufacturing uses some HNO3,
NaOH solutions, and other potentially hazardous materials during microsphere
production, but quantities are limited. Because most capsules are welded or
brazed, tungsten or acetylene welders are used inside glove boxes or hot cells.

3.9 RESEARCH AND DEVELOPMENT OF NUCLEAR FUELS

Plants in this category develop methods of fuel preparation and perform
analysis of radioactive materials, particularly those materials used as fuel.
Four facilities were included in this category:

Isotopic Analysis, Inc., Tulsa, Oklahoma

Lynchburg Research Center, Lynchburg, Virginia

. Rockwell Nuclear Development Fuel Laboratory, Santa Susana, California
. Westinghouse Electric Corporation, Waltz Mill, Pennsylvania.

B WM -

3.9.1 Process Description

3.9.1.1 Operation

Research and development activities may include transfer of irradiated
fuel elements into hot cells where the elements are declad and fuel is tested
and examined. Fuel elements may be stored temporarily on site in pools
designed for their storage.

Development of fuel manufacturing processes takes place in laboratories
and glove box trains. Operations such as blending, crushing, milling,
sintering, and grinding may take place depending on the process undergoing
study. Samples are taken at different points in the process and studied in a
number of labs. Analytical chemistry, radiochemistry, and other types of labs
are used to analyze samples.

The larger research and development facilities, Lynchburg 2esearch Center

and Rockwell, are part of a larger complex devoted to the development of
nuclear energy.
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TABLE 3.7. Significant(?) Maximum License Inventories
at Sealed Source Manufacturers

Maximum
Element Isotope Manufacturer Inventory, Ci
Americium 241Am Monsanto 6 x 103
Cesium 137¢ M 8 x 104
Cobalt 60¢, Automation Industries 2 x 104
Hydrogen 3y Safety Light 1 x 10°
Iridium 1921r Automation Industries 2.5 x 104
Krypton 85 p M 1.5 x 103
Polonium 210Po 3M 4 x 103
Promethium 1875, M 3.5 x 103
Strontium 905r 3M ¥ 103
Tantalum 183Ta Tech/Ops 2 x 103
Thulium 170Tm Tech/Cps 5 x 103
Plutonium(b) zggi?gzészo Monsanto 199 ¢
Uranium(b) Depleted U Pan American World 15,000 kg

Airways

(a) Inventories over 1 x 103 Ci
(b) Not a sealed source

3.9.1.2 Waste Disposal

Solid radioactive waste is packaged in approved shipping containers and
stored on site prior to shipment to a licensed waste disposal facility. The
smaller facilities may ship unused materials back to the customer.

Liquid radioactive waste is handled on site in waste processing
facilities. Liquid waste may be retained in large basins or combined with
liquid radioactive waste generated from other facilities nearby. Treatment
systems may include activated charcoal, ion exchange columns, or various
chemical treatment systems.

3.9.2 Facility Description

3.9.2.1 Buildings

Laboratories may be constructed of concrete and steel, brick and cement,
or cinder block. Vaults are usually provided within the laboratories for
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storage of nuclear materials. Vault walls usually withstand greater stresses
than the buildings in which they are contained and may be 12-in.-thick con-
crete. Hot cells are provided for larger facilities in which examiration or
testing of fuel rods takes place. Hot cell walls may be 11- to 13-in. lead or
42-in. concrete.

3.9.2.2 Heating, Ventilating, and Air Conditioning Systems

Hot cells, glove boxes, fume hoods, and other types of containment
generally operate under separate exhaust systems from the rest of the plant,
Exhaust from areas containing radioactive materials is filtered through a
prefilter and a HEPA filter before being exhausted to the atmosphere.

Airflow is toward areas of greater potential contamination. Except for
special materials such as sodium, which is highly reactive with air, glove
boxes, and hot cells are kept at negative pressure to ensure this condition.
Sodium is kept under an inert atmosphere at positive pressure.

Hot cells and other glove boxes may also be provided with an inert gas
purge system. This prevents potential reactions and acts as a fire extinguish-
ing system,

3.9.2.3 Engineered Safety Systems

Monitors for radiation levels, smoke detection, heat detection, and poten-
tial criticality situations are located ‘n most facilities. Alarms are pro-
vided that trigger at specified levels. Hot cells usually have some form of
automatic fire extinguishing system. Inert gas may be used to flood the cell
and smother the fire. Manual fire extinguishers, both water and dry chemical,
may be found throughout the facilities.

3.9.2.4 Surroundings

Plants are generally located in low population areas with the nearest town
several miles away. Other nuclear facilities such as fuel manufacturing or
test reactors may share the site, but cperate under separate licenses.

3.9.3 Inventory

3.9.3.1 Radioactive Inventory

Nuclear Fuel Research and Development facilities may be licensed to hold
as many as three irradiated fuel assemblies and 40 irradiated Lynchburg Pool
Reactor (LPR) fuel elements. These materials are stored and handled in the
storage pool and hot cell areas of the plant. The Rockwell plant has a license
limit of 3.5 kg of plutonium in the hot cell building, although only 600 to
805 g of plutonium (the amount in three fuel rods) are in process at one
time.

In larger plants where glove box trains are used for development of fuel
manufacturing processes, license limits may restrict plutonium inventory to 1
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to 2 kg, 235 to 900 to 1500 kg, and 232U to 1 t83§ kg. A glove box may con-
tain as much as 225 g of plutonium and 540 g of U,

Analytical labs handle much smaller samples of radioactive materials. The
amount of uranium and plutonium per sample may be hundredths of a gram. The
maximum quantity of these materials in process in th2 lab at one time may be
5 g of plutonium, and 334 g of uranium. Other radioactive materials are also
analyzed in the labs. These elements and elements used as sealed sources are
listed in Table 3.8.

TABLE 3.8. Radioactive Material Found as Sealed Sources or Analytical
Quantities at Nuclear Fuel Development Laboratories

Licensed
Element Isotope Quantity
Americium 240 30 Ci
Barium 13383 0.1 Ci
Californium  2°%Cf 4 mg
Cesium 134, 0.1 Ci
Cesium s 0.1 Ci
Cobalt e 0.1 Ci
Cobalt 60Co 0.1 Ci
Hydrogen e 100 Ci
Krypton 85Kr 0.1 Ci
Manganese un 0.1 Ci
Neptunium 237Np 0.1 Ci
Plutonium 239, 1 kg
Plutonium 238Pu 0.5 kg
Sodium 22y, 0.1 Ci
Strontium 90Sr 0.1 Ci
Xenon 135¢e 0.1 Ci

3.9.3.2 Hazardous and Combustible Inventory

Various types of hazardous and combustible materials are found at the
plants:

e When decladding operations take place in hot cells, pyrophoric zir-

caloy metal grindings may be produced. These are normally kept in a
medium designed to inhibit combustion.
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® Solvents and other flammable liquids used in the hot cells in the
decladding process or in the labs are kept in special storage cabi-
nets away from radioactive materials. Smaller guantities, generally
limited to 1 L, or in some cases 5-gal containers are brought out as
needed.

e Bagging material, needed to transfer nuclear material into and out of
containment, is another common combustible waste.

e Glove boxes with rubber gloves are used in process development. Some
glove boxes have Plexiglas® windows.

e Natural gas may be used for heating.

e Diesel o0il is generally stored away from the plant for use in
emergency power generation.

® [on exchange resins may be used in liguid waste purification
systems. These are also located away from the plant.

3.10 WASTE WAREHOUSING

Waste warehouses receive and store radioactive waste temporarily awaiting
shipment to a licensed burial ground for disposal. The description of waste
warehousing facilities was based on docket information on the three following
companies:

1. Atomic Disposal, Inc., Tinley Park, Il1linois
2. Interex Corporation, Natick, Massachussets
3. Teledyne Isotopes, Inc., Westwood, New J: sey.

A site visit to the waste storage facility of New England Nuclear Radio-
pharmaceutical Manufacturing Plant in Billerica, Massachusetts, also provided
us with information.

3.10.1 Process Description

3.10.1.1 QOperations

Radioactive waste in 5-, 30-, and 55-gal drums is transported to the waste
storage facility. The waste is monitored and a smear test is taken to deter-
mine the radioactive contamination level. Containers must not exceed 200 mR/h
at the surface. Drums are marked as to contents and radioactivity and stored
for not more than 6 months before being transported to a licensed radioactive
burial ground. Drums are not allowed to be opened while in transport to and
from storage and while in storage in the Teledyne and Interex faciliies. The
Atomic Disposal facility is planning an opening and repackaging area in the
warehouse.
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3.10.2 Facility Description

3.10.2.1 Buildings

Waste may be stored ig a trailer or a warehouse type of building. Sizes
ranges from 600 to 2045 ft® with ceiling heights of 10 to 20 ft. If windows
are provided, they are protected by steel mesh. A rollup door may be provided
in a warehouse to allow movement of drums into and out of the facility.

3.10.2.2 Heating, Ventilating, and Air Conditioning Systems

Not much information is available on the ventilation systems in the waste
warehousing facilities studied. The assumption is made that no active
ventilation system is in operation. No HEPA filters are in place to filter
air. The rollup doors provide open circulation to the facility.

The Atomic Disposal site has four fume absorbers in the proposed drum
handling room where opening and repackaging of drums is planned. The system
provides seven air changes per hour and flow through 98%-efficient charcoal
filters.

3.10.2.3 Engineered Safety Systems

Waste warehousing storage areas may be provided with sprinklers or €O,
automatic fire extinguishers. Radiation surveys of the facility are done
routinely.

3.10.2.4 Surrounding Area

Storage buildings may be located next to office buildings or radiochemical
laboratories. The Billerica site has two gas tanks located near the warehouse.

3.10.3 Inventory
3.10.3.1 Radioactive Inventory

Drums may contain animal carcasses preserved in a cgemical and packed in
plastic bags; scintillation vials containing 10 to 12 cm” of fluid each and
packed in an absorbent; contaminated combustibles such as gloves, rags, wipes,
plastic lab equipment; small amounts of liquid radioactive waste in absorbent
and double drummed; or other types of waste generated from a hospital, clinical
lab, or radiochemistry lab.

The Atomic Disposal site has an inventory of 24 Ci in about 2200 drums. A
listing of the radionuclides in the inventory is given in the individual
description of the plant in Appendix I.

License limits range from 25 to 2000 Ci of by-product materials other than
34 and 2000 to 5000 Ci of 3H. From 220 to 12,500 1b of source material is

ermittedé and from 75 to 200 g of special nuclear material such as
33y and 43% are allowed.
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3.10.3.2 Hazardous and Combustible Inventory

Much of the waste in the drums is combustible. Gloves, cellulosic
materials, plastic lab equipment, and contaminated clothing may be in the
drums, as well as combustible solvents in scintillation vials.

The transport venicle (a forklift in the Billerica Storage Building) may
be fueled with a flammable liquid. Gas heaters may also be located in the
waste storage facility.

3.11 UNIVERSITY RESEARCH AND DEVELOPMENT

University research and development facilities receive radioactive
materials at a central receiving point and distribute them to various
laboratorries where research projects take place. Diagnosis and therapy using
nuclear materials at the universities are also covered in the licenses.

Information characterizing university research and development operations
was gathered from docket materials on the following seven facilities and from a
site visit to a representative facility in an agreement state:

l. Harvard University, Cambridge, Massachusetts

2. Michigan State University, East Lansing, Michigan
3. Ohio State University, Columbus, Ohio

4, Oral Roberts University, Tulsa, Oklahoma

5. University of I1linois, Urbana, I1linois

6. University of Wisconsin, Madison, Wisconsin

7. University of Wyoming, Laramie, Wyoming.

3.11.1 Process Description

3.11.1.1 Operation

Radioactive materials are shipped into a central receiving area. Packages
contain millicurie amounts of isotopes double or triple packaged to prevent
puncture or breakage during shipping. A typical example is a few cubic centi-
meters of radioactive liquid in a plastic container surrounded by styrofoam in
a cardboard box. Lead pigs are used as shipping containers for those isotopes
requiring shielding.

Packages may be checked at a central office for leakage or distributed to
the individual labs and checked. Facilities may have from 30 to 500 laborato-
ries where radioactive materials may be handled.

In the labs, millicurie amounts of radioactive materials are used to label
compound§ foi4resgggch §§ud1es. 3gabs may contain up to 10 to 25 Ci of isotopes
such as “H, " °C, I, ™"P, and "°S. Lab coats, protective clothing, rubber or
plastic gloves, wipes, paper towels, and other combustibles may be used in the
process as well as solvents or organic liquids in liter quantities or less.
Special hot laboratories may handle as much as 50 mCi of material.
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In some universities animals are injected or implanted with microcurie to
millicurie amounts of radioisotopes in various forms such as sclutions, cap-
sules, or wire. The animals are isolated while under study. Animal wastes and
carcasses are monitored and disposed of through radioactive waste disposal.

Sealed sources containing hundreds of millicurie to 1 Ci per source are
used for training programs, measurement devices, and assays. The sources are
checked periodically for leakage and are contained within instruments. Some
sources may be taken off site if specified in the license.

As much as 100 mCi amounts of some isotopes may be used off campus for
field experiments. The location, amount, and type of isotope is specified in
the license along with descriptions of the application and monitoring procedure
for its use. These materials are divided in smaller units of microcurie to
millicurie amounts before being i9g1an§5d or 1n§:cted into plants or animals
for various studies. Carbon-14, 7S, ""P, and are commonly used isotopes
for these studies.

Diagnosis and therapy involving radioactive material can be performed in a
hospital. Common diagnosis and therapy opTSTtions are injections or oral
admlggstration of 10 to 30 mCi amouaBs of 90 [; implant of 40 mCi amounts
of I seed§é injection of 10 mCi Mres. 7 sr eye applicatiogb ian§5ion ?SBUP
to ?9QCi of “"P; 10 to 30 mCi doses of Xe gas; implant of ~Co, Cs, Au
or Ir as wires or seeds. Patients are hospitalized until t?slresiduiaa
activity is below a specified level (e.g., 30 mCi or less for [ and Au

)s
3.11.1.2 Waste Disposal

Solid radioactive waste is usually. stored in 5-, 30-, or 55-gal drums at a
central location prior to shipping to a licensed burial ground. Combustible
waste may be incinerated either at the university or metered in with fuel at a
nearby power plant. Incineration processes and procedures are specified in the
license and are monitored closely. Ash and gases from incineration are moni-
tored to assure escaping radioactivity is within the specified limit. Radio-
active ash is disposed of at a licensed burial site.

Liquid waste is neutralized and stored in 1- to 5-gal nonbreakable (poly-
ethylene) bottles or metal cans, which are then put in 30-gal steel barrels
prior to burial at a licensed disposal ground. At some universities the liquid
waste is combined with fuel oil and fed to an incinerator. Concentrations must
be 3 mCi/5 gal of fuel or less for this application. Combustible liquid waste
may be 60 to 70% toluene, 30 to 49% xyleTg, 4 to 5% dioxane, and 1 to 10% water
and miscellaneous compounds with "H and ~ C as the major isotopes.

The waste storage area might hold up to 40 drums of solid and liquid

waste., Solid waste mey contain animal carcasses, glassware, rubber or plastic
gloves, paper towels, wipes, and plastic bags.
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3,11.,2 Facility Description

3.11.2.1 Buildings

From 30 to 500 laboratories under one license may handle radioactive
materials. Several of these labs may be located in one building, although the
distribution covers the entire campus. Each lab is usually equipped with a
sink, hood, hung ceilings with fluorescent lights, tile floors, and a nonporous
counter top. The receiving area for radioactive materials may be a loading
dock with a storage room set aside for a temporary storage of incoming mate-
rial. The storage room may also contain a desk, chair, and metal cart and is
similar in construction to laboratories.

Hot laboratories that store or handle greater guantities of radicactive
materials have special shielding for storage considerations. They may be
equipped with caves for added protection.

The waste storage area is usually separated from other campus buildings.
It may be a trailer or a store room and may be equipped with a separate heating
system,

Buildings are usually made of concrete block with tile-covered floors and
hung ceilings. Laboratory walls may be sheetrock. Hot laboratories or
specially designed storage rooms may have m2sonry walls. Storage vaults and
bins may be concrete or lead.

3.11.2.2 Heating, Ventilating, and Air Conditioning Systems

Most laboratories have hoods with a flow rate of 600 to 1300 fta/min and a
face velocity of 100 to 200 ft/min., Air is exhausted through a duct work sys-
tem above the hung ceilings. This system combines with other room exhausts and
releases to the atmosphere. Charcoal filters may be used in some iodination
labs, although generally no filtration is applied. Waste storage areas do not
usually have an active ventilation system,

3.11.2.3 Engineered Safety Systems

Manual fire extinguishers are located in laboratories and in mest areas of
the university.

3.11.3, Inventory
3.11,3.1 Radioactive Inventory

License limits restrict university research and development operations to
the quantities of isotopes listed in Table 3.9,

Sealed sources may contf}g 3.5 mCi to 1 Ci per source. lodinations in the
labs handle 1?3Eo 25 mCi of 1 at_a time. Diagnosis ng therapy doses use up
to 30 mCi of I, up to 5 mCi of “"P, up to 30 mCi of Xe, and millicurie
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TABLE 3.9.

License Limits of Radioactive Material at University

Research and Development Facilities

Inventory,
Element Isotope Ci (range)
By-product material 1 to 25 each
atomic no. 3-83 10 to 500 total
Americium 281an 5 x 107 to 5
Cadmium 109¢4 2 x 1072
Calcium ca 0.1
Californium e 5.6 x 10°> to 0.1
Carbon 14, 5 x 1073 to 10
Cerium 141c, 2 x 102
Cesium 137, 1 x 1073 to 45
Chlorine 36¢1 1 x 10-2
Chromium e, 5 x 1073 to 1
Cobalt %2 3 x 1072 to 20
Curium 244, 1 x 10”2 to 5.1 x 1072
Gadolinium 15354 12
Hydrogen 3 9.3 to 3000
lodine 125 2 to 8
Iron 59Fe 0.1
Krypton 83 p 10
Mercury 203Hg 1 x 1072
Molybdenum/Technetium Mo/ e 5 x 107 to 10
Neptunium 237y 5 x 10™% to 0.1
Nickel 63y 8 x 1073 to 1
Phosphorous 32 2 x10™3 to 5
33p 2.5
Platinum 19505, 0.1
Polonium 210p, 2 x 1072 to 125
Potassium 42y 1 x 1072
Protactinium 231Pa 5 x 1079
Rubidium 86, 1 x 30”%
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TABLE 3.9. (contd)

Inventory,

Element Isotope Ci_(range)
Scandium 465, 2 x 1073
Strontium 905, 2 x 1073 to 500
Sulfur 3 2 x 1073 to 5
Tantalum 1827, 1 x 1072
Thorium 228y, 1.5 x 1072
Tin 11355 2 x 1072
Uranium (depleted) 500 kg
Xenon 133Xe 10 to 2000
Ytterbium 169Yb 100
Zinc 65Zn 0.2

amounts of 9ngc. Other isotopes are handled in millicurie amounts except 3H,
which may be stored in one location in a quantity of 1500 Ci in the fcrm of
shipping containers holding 100 to 25 mCi each.

Radioactive waste is main1¥5composed of 14C, 3H, 32P, and 1251 isotopes.
The major activity comes from }e

3.11.3.2 Hazardous and Combustible Inventory

Isotopes are packaged in plastic, styrofoam, and cardboard, all of which
may be consumed in a fire. Shipping docks where the materials are received may
also contain combustible liquids in drums. Transport vehicles run on
combustible liquids.

Laboratories use solvents and organic materials up to liter guantities.
Wipes, paper towels, and other cellulosics may be found in the lab. Protective
clothing and plastic or rubber gloves may be worn. Laboratories contain a
radioactive waste can or box that may contain contaminated combustibles.

Medical facilities are generally not allowed to accumulate combustibles.
However, disposable materials--plastic syringes, paper towels, absorbent paper,
and clothing--are commonly used and may be a source of fuel for a fire. Waste
compacting and storage areas contain combustible solid and liquid waste in
barrels.

3.37



4.0 ACCIDENT SCENARIOS

A range of potential accidents are discussed in this section for the
11 operations categories of NMSS-licensed facilities, leading to the selection
of a MREPP scenario for each. The selected accident scenarios focus on those
that are considered to have potentially significant radiological consequences.
In the context of emergency preparedness, a release to the atmosphere outside a
facility that would impact the public has the most significant consequences.
Therefore, accidents that occur either outside the facility or breach the
facility's integrity providing a pathway to the atmosphere are generally the
MREPP scenarios. Exposures of onsite personnel are excluded from this study.

Several steps are required to assess releases from accidents. First we
list the radioactive materials and consider the quantity and the ease of dis-
persal of these materials. These listings are in Section 3. The force and
conditions generated by the event are then evaluated. These events can be
facility or process related or externally generated (i.e., by natural phenomena
or impact of vehicles). In nuclear facilities, the materials are sometimes
fine powders that move with airflow, so flow direction and filtration are
examined.

The level and type of deagglomeration and dispersal forces that impact on
radioactive material are determined (i.e., identify stresses on the source).
Once airborne, particulate materials obey physical laws of behavior and can be
transported from the facility. The pathway from the facility can be formed by
the events or can exist as doorways, filters, etc.

The above steps were used when defining the postulated accidents and esti-
mating the quantities of radioactive materials that might be released. No con-
sequence assessments were made in this study. Significant digits have been
retained in this work to allow a user to easily reproduce the calculation. A
user can round them off as appropriate for a specific facility.

4.1 URANIUM FUEL FABRICATION PLANTS (OXIDE FUEL)

In this plant category, accidents will involve uranium powders and solu-
tions, UFg, and hazardous chemicals.

4.1.1 Potential Accident Scenarios

Potential accidents discussed for the uranium oxide fuel fabrication
category are UF6 cylinder rupture (loading dock fire), leak of UFg liquid,
tornado impact, chemical explosion, criticality, ion exchange exp?osion, fire,

and natural gas explosion.

4,1.1.1 Uranium Hexafluoride Cylinder Rupture (Loading Dock Fire)

Uranium hexafluoride cylinders might be ruptured accidentally in a variety
of situations: puncture, dropping, or a natural or operational event., The
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consequence depends on variables involved: number of cylinders, heat generated
by the event, location of the accident, mitigation, etc. An accident is postu-
lated in which a truck delivering supplies strikes the cyclone fence and rup-
tures two cylinders in a UFg storage area. The truck fuel tank is torn open by
metal debris and the entire 100 gal of gasoline in the fuel tank spills to the
ground ana i3 ignited by sparks crcated by metal contact with the concrete.

Calculating the release requires an estimate of the fire size and dura-
tion, the UFg cylinder surface arca exposed to the fire heat, heat flux to the
cylinder, ang finally, the UFg release. Section 5.1.2 gives a stepwise proce-
dure and a detailed illustration as well as a discussion of the parameters.

Fire size and duration are determined by the amount and geometry of the
pool and its burning rate, It is assumed that the 100 (13 ft”) gal of gasoline
forms3a 20-ft-diam circular area and reaches a depth of 0.5 in. ?volume
13 ft”). Steady-state burning velocities of 1 (Khitrin, 1962) to 5 mm/min
(Tryon, 1962) have been reported for gasoline. The fuel could be consumed in
2.5 to 12.5 min at these rates.

Cylinders of UF, can be stored in the loading dock area. Two are assumed
to be located near tge fire., Fire completely engulfing the cylinders would
provide the maximum heat flux. In this fire, however, it is reasonable to
assume the fire centers around the truck, with the flame height equivalent to
the fire diameter. The cylinders are assumed about 10 ft from the fire and
oriented so that the entire curved side is exposed to the fire,

The principal heat transfer mechanism from a fuel-rich fire is radiation,
According to Clarke et al, (1974), the convective heat flux can be neglected,
assuming that the fire radiates as a black body compens,tes for this omission,
A radiative heat transfer coefficient of 32.4 Btu/hr-ft™ °F for a 2000°F fire
and 80°F container has been calculated (Clarke et al., 1974), The radiative
heat transfer coefficient is a function of distance from the socurce and must be
estimated. In the semicircular fire profile postulated, at a distance of
10 ft, the flux is 0.25 of the radiative heat transfer coefficient.

Since half the curved wall of the 30A cylinder is the heat-absorbing sur-
face, at a temperature difference of 1780°F, approximately 6420 Btu/min could
be absorbed by the cylinder. The ieat of sublimation for UFg (147°F) is
58.2 Btu/1b.

Disregarding the heat used to raise the temperature of the cylinder and
UFS. 110 1o of UFg/min from each ruptured cylinder could be made airborne.
Thus, 550 to 2,758 Ib (250 to 1,249 kg) of UF; frow the two cylinders could be
made airborne during the course of the fire 1? no remedial action is taken,
Some UFg would also be continuously vaporized from the ruptured cylinders at

the temperature of the cylinder and its contents after the fire,

Undamaged cylinders in the immediate vicinity of the ruptured cylinders
could also be heated. Under the assumptions stated above, the radiative heat
transfer is sufficient to raise the temperature of the cylinder and its



contents from 20° to 101°F, incregsing the vapor pressure of the UFg inside the
cylinder by only 3.5 to 33 1b/in.“ (well within the operating pressure of the
cylinders).

Uranium hexafluoride reacts very readily with water to form particulate
UOZFZ and HF gas recording to the reaction:

UF6 + 2H20 » UOZF2 + 4HF (4-1)

Water is formed during the complete combustion of the3gasoline. The gasoline
involved gn the fire can have a density of 0,703 g/cm” for a total mass of 5
2.66 x 10° g. Assuming that gasoline is 15.5% hydrogen by weight, 3.78 x 107 g
of water are formed by the complet . cgmbustion of 100 gal. This amount of

k

water could react with up to 3.7 x 10° kg of UFg to . oduce particulate
Consequently, the 1,249 kg of UF_. assumed to be airborne from this

UO'F .
acéiaent could be considered completely gonverted to UOZF2 particulate.

The number of these particles that can persist in air depends somewhat on
the size distribution and mass of the particles as well as the conditions. To
make an estimate of the concentration of these particles, a stirred settling
model (Koontz et al., 1970) was used. Because it was developed for a 10-m-high
container, it was considered sufficiently similar to the outdoor3plume situa-
tion here. The persistent airborne mass calculated to 0,237 g/m”. All the
mass is considered associated with particles less than 10 um aerodynamic
equivalent diameter (AED). This is equivalent to a 3.1-um U0 FZ sphere with a
density of 10.5. To estimate dose, the model assumes all masg reaching an
individual is associated with particles l-um AED, which are respirable and
deposit in the deep lung. A significant fraction of particles as large as 5 um
AED can enter the respiratory system. A 1.54-um particle of UO Fy is equiva-
lent to a 5-um AED particle. Using the distribution calculatiog with no addi-
tional agglomeration, /0% of the mass is associated with particles less than
1.54 um (0,17 g/m”)., This is the maximum concentration of the UFg particulate.

4,1.1.2 Leak of Uranium Hexafluo: ide

Leaks of UFg within the facility can occur during processing. Some events
that have initiated UFg release within a gaseous diffusion production facility
(Tabor, 1974) are gasket failure, refrigeration failure, valving error, open
valves on a heated cylinder, and leaking pigtails. A leak in a transfer line
connecting the UF. evaporator to the precipitator is postulated in an oxide
fuel fabrication ﬁacility where uranium hexafluoride flows from the transfer
line at the operational rate of 3 kg of UFg/min (2 kg of uranium/min). It is
assumed that about 15 to 25 min is required for the operation to cease and for
the cylinder to cool sufficiently for the UF, flow to stop. The maximum
release is thus 75 kg of UFg gas (50 kg of uranium). Uranium hexafluoride
tends to condense and react with water producing HF gas and UO,F, particles.
This would enable UO,F, removal by deposition. The conservative assumption is5
that all the 75 kg og 6F5 is released to the environment as gas.
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4,1.1.3 Tornado Impact

It is postulated that a design basis tornado strikes a fully operational
uranium oxide fuel facility. The assumed consequences are as follows:

Complete loss of part of walls and roof

Missiles are generated

Massive equipment such as UFg vaporizer and precipitator remain
A line from the UFg vaporizer is sheared by a missile.

Some airborne release of uranium could occur from the damage of the pro-
cess piping sheared by the missile and from other uranium materials in that
area. Three locations in the process with the largest inventory in jeopardy
from an airborne release viewpoint are the UFg vaporizer, the ADU (ammonium
diuranate) filter, and the scrap recovery area. The potential releases may be
uranium from the vaporizer, 297 kg of uranium on the filter, and 2,000 kg of
in-process scrap.

The UFg is assumed released from the evaporator at its operational vapo-
rization rage of 3 ky/min (2 kg of uranium/min). Some remedial action such as
stopping the steam flow to the evaporator could be instituted promptly, or the
steam flow could be disrupted by damage from the tornado. Both of these events
could limit the releases to less than the time required for cooling, or about
25 min,

The release of ADU from the filter and in-process scrap are assumed to be
simultaneous. The quantity of in-process scrap that is present as a dispersi-
ble powder or other form varies continuously. For the purposes of this calcu-
Tation it is assumed that as much as 10% or 200 kg of uranium is in the form of
powder and these particles are assumed in the respirable size range.

The ADU on the filter is a moist powder containing at least 5% moisture.
When dry, ADU could have a particle size ranging from 10 to 150 uym. The aver-
age particle size would be approximately 100 um AED. For a powder with a log
normal particle-size distribution, a calculated AED of 100 um and a geometric
standard deviation of 2; less than 0.1% would have a particle size less than
10 um. Therefore, it is conservatively postulated that 1% or 3 kg of the
297 kg of uranium is released as respirable particles.

The total airborne release as a result of the tornado is thus postulated
to be 203 kg of uranium as U0, and U30g powders instantaneous released and
2 kg/min as UFg while heating is retained. If the leak continues for 25 min,
the total release is 253 kgq.

4.1.1.4 Chemical Explosion

Propane is used as auxiliary fuel in some of the plants and could present
an explosion hazard. However, the storage facilities are located apart from
the other plant facilities. If an explosion occurs, this would mean it would
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not effect the plant or jeopardize radiocactive materials. Combustion within
propan2 containers can occur in applications where it is used in conjunction
with oxygen; however, such use does not occur in this facility.

Hydrogen explosions could occur in equipment such as the sintering fur-
nace. The fluid bed reactor in the dry UFg production process is a potential
hydrogen-air explosion site. However, to cause this explosion simultaneous
failures in several different systems are required. These incliude failure to
close the ball valve from the feed hopper; failure of the COp purge supply; and
reduction of the operating pressure in the reactor from 2 atmospheres to
atmospheric pressure. This is judged unlikely and no release postulated.

4.1.1.5 Criticality

A criticality accident releases energy as a result of accidentally produc-
ing a self-sustaining or divergent neutron chain reaction (American Nuclear
Society, 1975). One might be initiated by 1) inadvertent transfer or leakage
of a solution of fissile material from a geometrically safe vessel into an area
or vessel not so designed, 2) introduction of excess fissile material to a
vessel, 3) introduction of excess fissile material to a solution. 4) overcon-
centration, 5) failure to maintain sufficient neutron absorbing materials in a
vessel, 6) precipitation of fissile solids from a solution and their retention
in a vessel, 7) introduction of neutron moderators or reflectors, 8) deforma-
tion of or failure to maintain safe storage arrays, or 9) similar actions that
can lead to increases in th2 reactivity of fissile systems (USNRC, 1979a).

Six incidents -f unplanned excursions were recorded to occur behind heavy
shielding in processing or production facilities (USAEC, 1971). None occurred
in a powder system; they generally occur in solution systems with material
accumulation in the tank and a surge to unsafe geometry. There appear to be no
vessels of unsafe geometry in this facility where materials could accumulate
4uring processing. The only tanks of unsafe geometry exist in the waste treat-
ment facility. For any significant quantity of fissile material to reach the
tanks, it would have to pass several alarmed radioactivity monitors and fail to
be discovered by routine sampling analysis. No criticality accidents have been
associated with low-enriched fuel fabrication operations (Fxxon, 1974). No
environmental impacts resulted from four criticality accidents that have
occurred in other fuel fabrication and/or scrap recovery operations. Some
small fission gas releases have occurred, and while they are thus of very low
probability, they are covered as part of the required accidents for a safety
analysis.

The regulatory guide (USNRC, 1979a) for evaluating criticality in uranium
fuel fabrication plants recommends assuming simultaneous breakdown of at least
two independent controls throughout all elements of the operation. The stan-
dard criticality accident is assumed applicable for the purpose of assessing
this accident., However criticality is highly unlikely for this process.
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An excursion is assumed to occur in a vented vessel of Qggavorable geome-
try containing a solution of 400 g/L of uranium enriched in . The excur-
sion produces an initial burst of 1E + 18 fissions in 0.5 s followed succes-
sively at 10-min intervals by 47 bursts of 1.9E + 17 fissions for a total of
1E + 19 fissions in 8 h. The excursion is assumed to be terminated by
evaporation of 100 L of the solution.

It is assumed that all of the noble gas fission products and 25% of the
jodine radionuclides resulting from the excursion are released directly to a
ventilated room atmosphere. It is also assumed that an aerosol, which is
generated from the evaporation of solution during the excursion is released
directly to the room atmosphere. The aerosol is assumed to comprise 0.05% of
the salt con&sgt of the solution that is evaporated. This is 20 g of uranium
enriched in .

A reduction in the amount of radioactive material available for release to
the environment may be taken into account but evaluated on an individual case
basis. The iodine depletion allowance is 75%.

The USNRC regulatory guide allows a reduction in the amount of radioactive
material available for release through filtration in the plant exhaust. There-
fore, the amount of particulate released from the plant is mig?gated by the
HEPA filtration system. A decontamination factor of 2.5 x 10 ° is consédered
applicable to two HEPAs in series so the atmospheric release is 5 x 107" g of
enriched uranium,

In addition to the particulate release, fission product gaseous releases
have been estimated (USNRC, 1979a) and are shown in Table 4.1. The last column
shows the iodine release retention allowance included.

4,1.1.6 lon Exchange Explosion

One plant has an ion exchange column used for removal of small amounts of
uraniun from waste streams. lon exchange explosion incidents can occur due to
thermal transients from radiolytic heating, oxidation due to nitration under
uncontrolled conditions, excessive applied heat, or heating by strong oxidants
(Selby et al., 1975). This waste stream column does not appear to be a likely
candidate *or an ion exchange explosion. However, the magnitude of a release
is estimated to illustrate the consequence.

After an actual ion exchange column explosion the fractional release to
thgﬁatmOSpggre down stream of HEPA filters (the filters were not damaged) was
107" to 107" of the column radioactive inventory SERDA, 1976), The con-
tamination level of the waste stream is 300 ug/cm™ of uranium. The column
capacity is 17 L; 13 L of thSS capacity is resin where the uranium is concen-
trated by a factor of 1 x 107,
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TABLE 4,1, Radioactivity of Important Nuclides Released
from a Criticality Accident in a Uranium Fuel
Fabrication Plant

Including
Radioactivity, Ci lodine
Nuclide Half-life 0 to 0.5 h 0.5 to 8 h Total Retention
83my . 1.8 h 2.2 x 10! 1.4 x 102 1.6 x 10°
85my 4.5 h 2.1 x 10! 1.3 x 102 1.5 x 102
85 p 10.7yr  22x100%  1.4x103 1.6 x 1073
87yp 76.3 min 1.4 x 102 8.5 x 102 9.9 x 102
88y 2.8 h 9.1 x 10} 5.6 x 102 6.5 x 10°
89 p 3,2 min  5.9x10°  3.6x10° 4.2 x 10
31my o 11.9 day 1.1 x107%  7.0x10°% 8.2 x 1072
s 2.0day 2.5x10 1.6 1.8
l33Xe 5.2 day 3.8 2.3 n 101 sl B 101
135mye 15.6 min 3.1 x 10° 1.9 x 10° 2.2 x 103
13540 9.1 h 5.0 x 100 3.1 x 102 3.6 x 10°
137xe 3.8 min 6.9 x 10° 4.2 x 10* 4.9 x 104
138y4 14.2 min 1.8 x10° 1.1 x10* 1.3 x 10
134 8.0 day 1.2 7.5 8.7 2.2
132 2.3 h 1.5 x 100 9.5 x 102 1.1 x108 2.8 x 10
133, 20.8 h 2.2x 100 1.4x102  1.6x102 4.0 x 10!
134 52,6 min 6.3 x 106 3.9x10° 4.5 x10° 1.1 x 103
o 6.6 h 6.6 x 100 4.0x 102 4.7 x 102 1.2 x 102

be su
using
negli
the r

An estimated column uranium inventory is as follows:

1.3 x 104 cm3 regin with consentrated (300 ug) x (1 x 103) uranium level
of 3 x 107 yg/em™ = 3.9 x 10” uranium on resin,

4 x 103 cm3

in solution.

liquid with a uranium level of 300 ug/cm3 = 1.2 g of uranium

If the total inventory is subject to release, 3.9 x 103 g 95 uranium could
bject.so stress with a resulting maximum release of 4 x 10 ° g of uranium
a 10 ~ atmospheric release fraction. The release from the solution is
gible. If the waste processing area is not equipped with HEPA fiiters,
elease level could be higher.

\
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4.1.1.7 Fire

Combustible materials such as polyvinyl alcohol, hydraulic fluid, lubri-
cants, and kerosene are used during the fabrication operations. Flammable
materials (e.g., acetone) used for cleaning could present a fire hazard during
the process. However, only small amounts in containers, such as gallon dis-
pensars, are in the plant and large quantities are stored outside. Therefore,
fires could occur at various locations within the plant.

Kerosene is used in the solvent extraction process for both high- and low-
enriched processes, making this the potential site of a fire accident scenario.
The minimum flammability limit of kercsene in air is 0.6% (Burger, 1956)., Sol-
vents other than kerosene are used in scrap recovery and a similar scenario
could also apply to them.

The quantities and configurations of in-process scrap that are present as
dispersible powder varies continuously. In this scenario, it is assumed that
2000 kg of scrap is in process, 1U% powder and 90% with the solvent. All of
the solvent-associated uranium is subject to airborne release as a result of
fire.

Fire behavior of uranijur i~ kerosene has been investigated experimentally
(Mishima and Schwendiman, 1973c) and less than 1% wou'ld be the conservative
fire release value for a solvent fire. The maximum release is 18 kg of
uranium, if all of the solvent burns. The release is in the facility and is
not anticipated to have a significant environmenta! release. Since the fire is
some distance from the filters, they should retain their integrity. Thg6
release ggrough the HEPA filters would be 18 kg x 2.5 x 107" = 4,5 x 107" kg or
4,5 x 10 © g.

Fires can volatilize UFg, as discussed in the cylinder rupture scenario.
However, this scrap recovery fire would not be near the cylinders and thus
would not provide heat to volatilize UFg . Uranium hexafluoride gases, if
volatilized, would react with room air and precipitate on equipment and build-
ing surfaces, and be filtered out by any HEPA filtration system.

4,1.1.8 Natural Gas Explosion

Natural gas explosions are discussed in detail in Section 4.3.1.6 of this
report. It has been hypothesizea (Rockwell, 1976) that a compiete rupture of a
1-in. gas lins operating at a pressure of 8 in. of Hy0 would release approxi-
mately 750 ft“/h of gas. In these faczilities minimum airflows of 7 to
24 changes per hour ensure that natural gas could not build up to an explosive
concentration in event of a line rupture.

4.1.2 Uranium Fuel Fabrication Plants (Oxide Fuel) MREPP Scenario

Because a criticality accident is considered highly unlikely in this
process, the UFg cylinder rupture is selected as the MREPP scenario. The
tornado and fire releases were in the same range. Several considerations in
selecting the MREPP were as follows:
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The event occurs outside a facility.

The event is common to all facilities (not just tornado-prone areas).
High inventory is in jeopardy.

Release levels are high.

The energy input/release can be estimated.

It is postulated that a truck delivering supplies and equipment strikes
the UFg storage area with sufficient force to rupture two cylinders. The truck
fuel tank is torn open by the metal debris generated in the crash and the
entire capacity of 100 gal spiils to the ground and is ignited by sparks
created by contact of the metal and concrete.

4.1.2,1 Material Release

Twelve cylinders each containing 2247 kg (Oak Ridge Operations Office
1972) of UFg-enriched gas are located in outside storage. Two are involved in
a fire and ?249 of UFg becomes airborne and is complgtely converted to U02F2
particulate with a maximum concentration of 0.17 g/m".

4.1.2.2 Factors Affecting Releases

The following factors affect release at uranium fuel fabrication plants
(oxide fuei):

® Truck fuel tank capacity
e Fill of fuel tank
e Number of cylinders involved
e Fill of cylinders
e Gasoline distribution in spill
® Fire suppression techniques
e Burning velc ity
® Weather conditions.
4.2 URANIUM FUEL FABRICATION PLANTS (NONOXIDE FUEL)

These facilities produce nonoxide reactor fuel. Inventory limits required
for criticality control define the inventory available for the other accidental
releases.

4,2.1 Potential Accident Scenarios

Potential accidents discussed are earthquake, tornado, criticality, fire,
explosion, and flooding., Releases are fine particles or gaseous fission
products.

4.2.1.1 Earthquake

The uranium fuel fabricaetion facilities identified in this study are
located in California. These uranium fual fabrication plants could experience
earthquakes. These plants are built to comply with standards of the uniform
building code applicable to that area and, cherefore, should be constructed to
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withstand earthquakes anticipated in that area. Damage scenarios would be a
function of ground acceleration. Some examples of earthquake damage at
different ranges are as follows (Mishima et al., 1979a, 1979b):

<0.09 g, no significant damage

0.0 to 0.18 g, toppling of gas cylinder

0.18 to 0.25 g, process vessel or equipment overturned
>0.39 g, transfer lines fail

0.49 g, building collapses.

Another study indicated facilities did not sustain structural damage below 0.4
g, and buildings will collapse above 0.5 g (Tokarz et al., 1975).

Based on the above analysis, there would be no structural damage in an
earthquake, but some spills and process vessels would be overturned in a
facility. In some cases, process equipment is bolted to the floor to prevent
upset. Because the integrity of the facility is not breached, an earthquake
should not cause significant releases of fuel material to the atmosphere.

Equipment failures may result as a consequence of earthquake, which could
in turn cause fires or pressurized releases. These releases are discussed in
the sections on fire and explosions.

4,2,1.2 Tornado

These buildings have been substantially constructed. Some minor damage
may occur in a tornado (e.g., a door blown from the alloy shop) and this could
result in minor amounts of surface contamination or uncontained powder being
blown from the building. However, the powders are usually contained, so their
release is unlikely.

WasLe storage and liquid retention basins could be vulnerable when located
away from the main process building. These are not common to all facilities.
At one site, 5000 gal of dilute, 0.005-g/L waste is held in a retention
basin. The basin is stainless steel set in concrete, so it is unlikely that
more than minor spillage would occur in a tornado strike. A portion of the
spill, perhaps 10% could be subject to aerodynamic entrainment by translational
tornado wind forces and 25% is assumed entrained. A spill would be followed
by resuspension of the surface contaminatiog8 Winds will be lower after the
event, so a long-term fractional rate of 10 "/sec (Sehmel and Lloyd, 1974a) is
used. If 100 gal (about 380 L) is spilled, 9.5 L containing 0,05 g is immedi-
ately aiggorne, 1.9 g can be subject to resuspension, and the release is
1.9 x 107 g/sec.

4.2.1.3 Criticality

Criticalities are infrequent events and those that have occurred have had
no significant environmental impact (UNC, 1980). In Section 4.1.1.5 of this
report, events that could initiate a criticality were discussed. Specific
causes can be equipment failure, inadequate control of complex systems, and
human error.
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In the context of this study, we are concerned with the public safety
assessment and thus the amount of radioactive material released from the
facility is of importance. Noble gases and vapors can be released from the
facility through the filter system; if the building retains its integrity,
particle releases are mitigated by HEPA filtration. Therefore, breaching the
filters or facility greatlv increases the downwind hazard. Consequently, we
try to estimate the energy produced by an event to see if building damage could
result from the event.

It has been estimated that 1018 fissions produce appraximately 6 x 10°
calories of heat (UNC, 1973). This iglculates to 2.4 x 10" Btu. The TNT
equivalent is 1800 Btu/lb, so the 10*® fissions are equivalent to 13 1b of
TNT. However, only a fraction of the energy erguced causes damage, approxi-
mately 1.4% (Stratton, 1967). Therefore the 10°® fissions are equal to about
0.2 1b of TNT in terms of building damage. An event of this magnitude would
not breach the facility. Energy not expended producing building damage is
expended as heat.

Stratton (1967) compiled a comprehensive review of criticality events. He
suggested that the frequency of accidents might be related to the frequency of
producing an unfamiliar critical configuration. The criticality incidents he
cited for solution syfgems anqgmetal systems in air produced total fissions
ranging from about 10°° to 10°°, Usually no physical damage ensued, but in
some cases minor damage such as warping occurred,

He suggested using the Godiva model (Wimmet, 1956) for information in this
area, [f the reactivity insertion rate is known, and a neutron source is
present that is sufficiently strong to guarantee that a continuing fission
chain starts at above prompt critical, the burst yield can be calculated.

NY5k done by Woodcock (1966) suggested that a maximum of 3 x 1018 and

3 x 1077 fissions could occur in solution systems of 100 gal or less, and more
than 100 gal, respectively, Other empirical models give the same magnitude of
estimated fissions product yield as Woodcock.

Scenarios for critical 'ty events are uranium accumulation in pickling
solutions, unencapsulated moderated sludges or solutions, or an unsafe geometry
accumulated in storage (UNC, 1973).

One potential criticality (Babcock and Wilcox, 1974) suggested a [’lease
of 0,35 Ci of fission gases from a boiling solution producing a 1 x 10°" fis-
sion criticality. They estimated that 50% of the release was contained by the
building, and the atmosphere release was 0,175 Ci. Tne release could be
carried from the building by the ventilation system.

For evalygting these accidents it appears the the standard criticality
event, 1 x 107 fissions, is representative of an accident in the pickling
operations, It is assumed the solution is overconcentrated to allow criti-
cality. Releases discussed in Section 4,1.,1.5 were 20 g of enriched uranium
through a single HEPA filter and fission product gases produced by the event as
listed in Table 4.1, These are all assumed released to the atmosphere for a
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total of 1.2 «x 10° Ci. lodine could be absorbed on filters or deposited in the
building., The standard criticality will allow credit of 75% of the iodine
removed by retention.

4,2,1.4 Fire

Because uranium and zirconium metals are both pyrophoric, there are many
opportunities for fires in the metal working operations. For example, Toss of
coolant to a drill press could lead to spontaneous ignition cf the chips. In
machining operations, small fires would result, but Lhey wouid be limited in
size because of the amount of metal present, which could be about 1 Ib.

Several areas of the facility could be the site of metal fires: incinera-
tors, laboratories, alloy shop, pickle area, filler press box line, and scrap
recovery operations. The umount and form of uranium present and the oppor-
tunity for airborne release define the fire impact. Some larger fires could
result in deflagrations and will be discussed in the section an explosions.

Uranium is pyrophoric, and the form can be a controlling variable.
Rockwell (1976) compiled the following information on hurning characteristics
of various uranium forms. Large pieces of metal do not generally burn at room
temperature unless exposed to water; turnings ignite during machining; urznium
metal powders ignite at room temperature, and aluminum powder increases pyro-
phoricity. The powder appears to be the form most likely to be involved in a
fire, and the ignition could be caused by friction of the operation, static
spark, or spark from equipment.

Some fires have been hypothesized in environmental reports. A zirconmium
fines fire augmented by flammable solvent (UNC, 1373) could blow out a hood
window allowing 100 to 300 g of a l-kg source to bezhlown from the hood into
the plant, the maximum airborne release was 2 x 10" Ci. Because combustible
wastes are burned using propane, an uncontrolled incinerator fire is possible
(Babcock and Wilgox, 1974). The fractional airborne release of the source
would be 5 x 10 ° (Mishima and Schwendiman, 19/3b), and it could be assumed
ejected from the systs?s However, contamination levels in the waste could be
low, aggut 93é3 g of U per drum of waste. In this uncontrolled fire, about
7x10°° ¢ U could become airborne if all of the material is expelled from
the drum, It could be anticipated that ths release will be contained by the
HEPA filters and that only about 3.5 x 107~ g would pass through a single HEPA
filter. The incinerator location is such hat this fire would not invoive
other building components.

Uranium feed materials for the metal fuel fabrication process can be mixed
with alloying metal in operations involving crushing, grinding, sieving, and
blending. A fire could be initiated during these operations by a spark from
equipment after loss of the protective inert gas atmosphere due %gshuman error.
The maximum inventory in these work stations could be 3.5 kg of U (Rockwell,
1976). It is assumed that a glove box fire occurs and 1% of the powder becomes
airborne in the enclosure. Some of the material is ejected into the room after
the gloves are destroyed, snd this fraction is estimated at 10%. Calculation
of the release is 3.5 x 107 g x 0,01 = 35 g airborne in the enclosure, and
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3.5 g is transporgsd t93§3e room. If the entire release reaches the HEPA
9

filters, 1.8 x 10 will pass to the atmosphere, assuming one filter and
no deposition in the facility.

These processes could be conducted in a glove box train. If so, there is
the opportunity for a fire to pass to crushing, weighing, recycling, and blend-
in) opesations in a domino effect. This would result in a total release of
7 x 1077 g to the atmosphere from four units.

4.2.1.5 Explosion

Fires could initiate explosions when flammable vapors ignite in an enclo-
sure. The enclosure pressurizes, leading to component failure and explosive
releases.

An explosion resulting in dispersion of U0, from a press line could be
suggested. A box line containing UOZ' zirconium, and alcohol loses its inert
gas atmosphere allowing an explosive mixture to accumulate in the boxline. An
ignition source (static charge, for example) detonates the mixture, destroying
the boxline and opening a hele in the building roof. One percent of the 3.6 kg
U02 in the line is ejected through the hole in the roof, and a release of 36 g
U0, 1is postulated,

Explosions in retention tanks caused by inadvertent addition of acid could
cause some liquid spills. Contamination levels in these tanks are low and,
consequently, so are any potential airborne releases.

A uranium aluminide powder explosion in a glove box was hypothesized
(Rockwell, 1976) to produce 19.6 kg of mixed U0, and A1,0 airgorne, 10.4 kg of
which was 93% enriched uranium., [t was assumed that 1% o? the mass was trans-
ported to the filters, and the release through one HEPA filter would be 0.048 g
of enriched uranium,

An explosion in the induction furnace could release material from five
trays containing a total 3.6 kg or less of uranium powders (General Atomic,
1971). Uranium carbide or uranium-thorium carbide are oxidized in an oxygen-
air atmosphere, then reduced in a hydrogen atmosphere. Malfunction of the
dilution gas system valve and airflow detector allows Hy, to accumulate to
levels above the 4% flammability limit to about 15%. This event could be
assumed to have 1% (36 g) of the materials ejected from the furnace, The
enerqgy of the explosion would not breach the facility. Tgsrefore, the releaée
challenges the single HEPA filter for a release of 5 x 107" x 36 = 1,8 x 107¢ g
released,

Natural gas explocions discussed in detail in Section 4.3.1.6 of this
report, are another potential release situation. It has been hypothesized
(Rockwell, 1976) that a complete rupture of a l-in. gas lins operating at a
prescure of 8 in. of Hy0 would release approximately 750 ft”/h of natural
gas. Minimum airflows of six changes per hour for each room mean that a
natural gas explosion is not likely to occur.
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4.2.1.6 Flooding

Flooding itself will not produce airborne release. It is of concern in
regard to producing an environment where criticality could occur and produce
airborne releases. Water flooding is not considered credible because there is
no internal water source with capacity sufficient to produce flood levels.
Water entering the facility must flood to a depth of 3 ft to reach a level of
concern.

4,2.2 Uranium Fuel Fabrication Plants (Nonoxide Fuel) MREPP Scenario

Two events had significant releases from this facility category, the
standard criticality accident and the boxline explosion.

The criticality release is particulate material from the evaporation of
100 L of 400 g/L solution. The aerosol is 0.05% of the salt content of the
solution, or 20 g. Fission product radionuclide releases are listed in
Table 4.1 (USNRC, 1979). The energy produced by the event would not be suffi-
cient to breach the integrity of the facility. Therefore, the HEPA filter§35
would remove a portion of the airborne particulate material, redgcing the U
release to } g. Gaseous fission product release totals 1.2 x 10 Ci, The
8.7 Ci of 1 ll. however, is the fission prodict release of most concern because
of radiological health effects.

The boxline explosion event ejects about 36 g of U0, to the atmosphere
through an opening in the building roof. To compare this to the criticality it
can be converted to curies using the follgwing equation (Bureau of Radiological
Health, 1970) and a half-life of 7.1 x 10° y (Weast, 1973):

5
| : 3.578 x 10

i = = -

Ci/g (specific activity) (Y7, 97 (atonic mass] ° (4-2)
For 235 the calculation is:
3.578 x 10° -6
Ci/g . = T wwens 2.1 X 10 Ci/g . (4-3)
(7.1 x 107) (235)
Assuming the 36 g atmospheric release is all 2350, 7.6 x 10'S Ci is released.

This is much lower than the gaseous fission product release in terms of curies.
The fission product nuclides wi&%sthe higher specific activity are more of a
radiological concern; enriched U is of concern in radiation damage to the
lungs or the kidney (Eisenbud, 1973). Gaseous releases are an immersion
hazard, and the particulate uranium is an inhalation hazard since the particles
10 um and less can be deposited in the lung.

A reviewzgg dose commitment factors (Hoenes and Soldat, 1977) would
suggest that U constitutes the greatest hazard on a unit (per curies)
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basis. However, the actual curie level associated with the 233y 4 at a
siqnif{sintly lower level, and a comparison of dose from the actual releases
shows I the greater hazard.

In the uranium oxide fabrication plants with powder processes, criticality
accidents were considered unlikely and another accident was selected as the
MREPP event. However, in these metal plants there are ligquid operations that
could provide opportunity for criticality: pickling operations, liquid wastes,
and scrap recovery.

?Sfed on the opportunity of occurrence and radiological hazard associated
with I, criticality is selected as the MREPP event for uranium nonoxide fuel
fabrication plants.

4,2.,2.1 Material Release

5 The total atmospheric release from this criticality accidggt is 1.2 x

10 C}3gr mixed krypton, xenon, anu iodine isotopes and 1 x 10 = g of particu-
late ). These releases are listed in Table 4.1, which also shows the iodine
retention allowances.

4.2.2.2 Factors Affecting Releases

The following factors affect release at uranium metal fuel fabrication
plants:

Effectiveness of automatic control devices
Containment

Deposition in facility

Filtration

Decay in facility

Ventilation flow.

4.3 URANIUM HEXAFLUORIDE PRODUCTION

At the UFg production plants, natural uranium (yellowcake) is processed to
UFg. Accidents will involve natural uranium in powder or liquid form, or as
gaseous UFg.

4,3,1. Potential Accident Scenarios

Potential accident scenarios discussed include UF6 cylinder rupture,
liquid UF. leak, tornado strike, solvent fire, facility fire, chemical explo-
sion, and natural gas combustion explosion,

4,3,1.1. Uranium Hexafluoride Cylinder Rupture (Loading Dock Fire)

Cylinder ruptures were discussed in Section 4,1,1.1. Similar events can
occur in UFg production facilities, but, since the cy'inders used are 10 and
14 ton capacity, more UF6 is available to enter the atmosphere., However, the
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natural uranium will have a low specific activity. Cylinders are stored out-
side so there is a potential og a truck-type event similar to that described in
Section 4.1,1.1, The 1.9 x 10" Btu/min absorbed by the exposed cylinder
surface Sould release 326 lb/gin for a total release of UFg of 815 to

4,1 x 107 1b (368 to 1.9 x 10 kgi from one cylinder. If two cylinders are
involved, the release is 3.8 x 10” kg. (Calculations are the same as in
Section 4,1.1.1.) A pool fire centered arourd a cylinder rather than a truck
was considered unsikely but woyld have higher UFg release levels: 1365 kg/min,
totaling 3.4 x 10° to 1.7 x 10" kg of UFg.

A second postulated outdoor release scenario occurs during handling or
transfer where a valve failure is assumed to ogcur (USAEC, 1374). The esti-
mated release over a period of 1 h is 9.2 x 10° 1b (4.2 x 107 kg) natural UFg,
or 2.8 x 107 kg of uranium.

Another variation oS the cylinder rupture 9" valve failure estimated that
4550 1b of UFg (2.1 x 10 kg of UFg or 1.4 x 107 kg of uranium) is released in
a 40-min leak through a 1.5-in.-diam hole in the wall ahove the UFg liquid
level (Kerr-McGee, 1975). Heat supplied by the steam cabinet woulg vaporize
the UFg. After the 10 min, the estimated losses would be fairly small because
the UF. should be solidified. Because the ralease is within a facility, there
would ge opportunity for UFg OF U02F2 deposition, thus lowering the release.

4.3.1.2 Liquid Uranium Hexafluoride Leak

As discussed in 4,1.1.2, leaks of the heated UFgz in liquid form can occur
within the facility from a variety of initiating events. In one occurrence
(Allied Chemical, 1975), a valve failure in the distillation section led to a
95-1b UFg release. No offsite elevated uranium concentrations were detected.

Uranium hexafluoride releases are independent of the uranium enrichment,
so the maximum 60-kg release postulated in Section 4.1.1.2 would b applicable
in this situation. This release is based on the flow rate of 150 kg/h of
heated UFg (100°C) through a l-in, transfer line and a half-hour leak.

4.3.1.3 Tornado

A tornado strike could involve uranium materials stored outside a facil-
ity, either drums of yellowcake primary feed or the cylinders of UF,. Poten-
tial building damage could also occur causing loss of containment,

4,3,1.3.1 Primary Feed Release

Primary feed is stored in 55-gal drums on a pad outside the building in a
location vulnerable to tornado damage. About 3000 yellowcake-filled drums are
stored in stacks three or four deep on pallets. Drums are 0.61 m in height,
and 1t is assumed that they are stacked three high; total height is approxi-
mately 2.5 m, allowing for pallet spacing, The top layer is assumed to be
impacted by tornado forces to the point of failure. Specification 17H drums,
can survive an impact equivalent to a drop onto an unyielding surface from a
height of 1.2 m (Geffen, 1981) as required for Department of Transportation
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8 kg. Because the solvent extraction operations are conducted in a separate
building, t e fire damage will be restricted to that area.

If a fire occurs within a facility, UFg in cylinders could be volatilized,
or the integrity of UFg vessels and transport lines could be jeopardized. Com-
bustion sources in the factlity are cellulosics, lubricants, and fuel oil.

They could be involved in fire with ethylene glycol or propane. Bulk storage
of these flammable materials is located outside the main process facility,

reducing the potential for a massive facility fire. However, in the facility
an inadvertent event might initiate a fire that could involve these materials.

[t is assumed that a fire is initiated by spontaneous ignition of a lubri-
cant soaked rag and could involve:

e Propane. This material would not be used close to UFg and, therefore,
when burning it is less likely to cause heating and subsequent release.

e Ethylene glycol. A leak from a cooling mantle could allow ethylene glycol
to burn in the fire. It could contribute to the fire because it has an
ignition temperature of 385°C and a lower flammable limit in air of 3.2%.
Because it 1s used close to UFg, there is an opportunity for interaction.

[t is assumed that ethylene glycol leaks from a malfunctioning valve and
becomes involved in the fire., With the loss of cooling from the mantle in
addition to the elevated fire temperatures, UF. expands and subsequently breaks
the container, and gases enter the facility. §h§ total UF6 vaporizing is
equivalent to that from a UF, cylinder, 2.1 x 10° kg of UFg in 40 min. Even
with loss of ventilation, it can be assumed that all of the releases are
assumed carried upwards by convection from the fire and out open ventilation
ports in upper portions of the building.

4,3,1,5 Chemical Explosion

A "red ofl" explosion in the UNH evaporator can be a suggested event, but
the possibility is considered remote because temperatures are held below the
266°F required for this type of explosion, "Red o0il" is a term applied to
nitrated organic materials formed by the deyradation of process liquids.

Degraded process solvents or organic decontaminating agents inadvertently
included in a stream with excess heat could trigger a "red oil" explosion. The
blast effects of such anzexplosion have been estimated Qt 3 1b of TNT, with a
shock wave of 800 1b/in.” and an energy of 230 ft 1b/ft® at a distance of 15 ft
(Battelle, 1975)., The evaporator is ruptured and all the liquid ejected.
Releases from equipment damage in this explosion are shown below:

Lﬂ_?uantlty
Source allons of UNH
Fvaporator 2000

UNH surge tank (half full) 1000

RAC storage (Malf full) 1000

Sx seal 500
Maximum release source term = 500
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At a specific gravity of 1.66 g/cm3. this calculates to about 2.8 x 107 g
of UNH, The processing grea. estimated at 40,000 ft~, is filled with a mist

cancentration of 0.1 g/m” UNH, This releasezis carried with the airflow from
the building for a total release of 1.1 x 10° g UNH (52 g of uranium).

No further damage is foreseen.

4.3.1.6 Natural Gas Combustion Explosion

Natural ?as used as a building heat source could pose an explosion
hazard. The Tower flammability limit for natural gas is 4% (McKinnon, 1976).
A gas explosion can occur with a fraction of a room, 0.25 or less, filled with
gas.

The open structure of the process building would seem to ensure safety
from natural gas explosions. Fans can provide for continual removal of
contaminated air, If the building airflow rate of one room change every 5 min
is maintained, it is unlikely that an explosive mixture could be reached in a
room. However, the natural gas is carried through lines in the center of the
building where airflow could be restricted. Lloss or reduction of airflow in
conjunction with a natural gas line rupture with gas flow continuing could
fnitiate an explosion, or the leak could occur in a “"dead" air space allowing
opportunity for an explosion when the gas accumulates.

To illustrate this release, it is hypothesized that a natural3gas leak
occurs, and gas accumulated to the 4% explosive level in a 1000 ft volume,
approximately the size of a small room. The gas mixed with air ignites, the
heated air expands, pressure rises, and an explosion follows.

One natural gas composition is 75% methane, 21% ethsne. and 4% propane,
The heat of3combustion for this mixture 1541120.3 Btu/ft” at a gas density of
0,055 Ib/ft™, This is 1120/0.055 = 2 x 10" Btu/lb.

The explosion equivalent yield can be calculated (Strehlow and Baker,
1976 ):
AHc X Hc
et * TTE00 (A=)

where

Wryt = equivalent TNT wt/1b

AH heat of combustion of hydrocarbon, Btu/lb
W = weight available as nxp{osive source, 1b
1800 = heat of explosion of TNT Btu/lb.

For the illustrated explosion these parameters are

aHe = 2 x 10° Btu/1b
We = (1000 ft3 « 0,04) x 0,085 16/7t3 = 2,2 1b.




Calculations aure

W - &% 104 Btu/lb x 2.2
TNT 1800 Btu/1b

W =244 |

TNT

However, not all of the heat of combustion energy is released in an explo-
sion, Brasie and Simpson (1968) investigated explosions of vapors in confined
but ventilated operating structures and found the probable yield from these
events was a very small fraction of the predicted value. Relative yields

were one twentieth, and he suggested that they may typically range from one
fortieth to one tenth. For illustration here, the one tenth or 10% value is
used, so it is the equivalent of 2.4 1b TNT.

This illustrated explosion would be anticipated to cause damage, with
overpressures in a range that could cause glass breakage (1 to 2 1b/in.” at
20 ft). It is hypothesized that one of the two distillation columns is located
sufficiently close to the explosion center to sustain damage. Overpressures
generated by the incident are postulated damaging the valving. Ethylene
glycol, hexane, and other solvents in the vicinity would sustain a fire ini-
tiated by the explosion,

The heat produced by the event would cause UF to vaporize from the rup-
tured container. Total UF. airborne assumes tne d?stillation column contains
the equivslent of a UF. cylinder and would, therefore, release 4550 1b

(2.1 x 107 kg) of UFg ?n 40 min, The entire release would leave the building
through penetrations formed by the accident. This release would be increased
if more than one container were involved in the event.

4.3.2 Uranium Hexafluoride Production MREPP Scenario

Scenarios where UFg can be volatilized and released in the gaseous form
have maximum impact for emergency preparedness, because the release is in a
form that can be transported downwind. Three events leading to this UFg
release were c¢'scussed: 1) the cylinder rupture outside the facility,
2) facility fire, and 3) a natural gas explosion and associated fire, The
latter two events expel vaporized UFg from the facility. Although we did not
take credit for mitigation by deposigion in a facility in the accident
scenarios this can occur. Therefore, a UFg Teak from cylinders located outside
a facility would be considered the most serious event,

4.3,2.1 Material Release

Cylinder ruptures outside the facility as a loading dock fire scenario
were discussed in Section 4,1.1.1. Larger cylinders used for the natural
uranium UFg mean that a larger sourse is in jeopardy. The release from two
cylinders 1'as estimated as 3.8 x 10° kg of UFg, with the fire centered around
the truck. A fire centered around a cylinder could give even higher releases,
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The mechanisms driving the release are the same force: heating a damaged
UFg cylinder to vaporize UFg.

4.3.2.2 Factors Affecting Releases

The same factors affecting UF; releases (Section 4.1.2) from a UF
cylinder outside a facility apply in this scenario and will not be repeated
here,

4.4 URANIUM MILLS

Uranium mills extract and partiall¥ Befine usggium ore., Releases of
uranium and uranium daughter products ( 301h and Ra) can come from ore
piles, the tailing retention system, ore crushing, and others. However, the
scope of this study emphasizes the particulate releases. The mill operation is
the primary focus of our work; tailing releases have been well documented in
other studies.

4.,4,1 Potential A-cident Scenarios

The potential aerosol-generating accidents discussed are waste retention,
pond slurry release, tornado strike, fires, dryer explosion, and equipment
failure in the ore-handling systenm,

4.4,1.1 Tornado

Tornadoes can inflict building damage and disperse uranium material. For
this event, it has been assumed in the generic uranium mill environmental
impact statement (USNRC, 1979b) that 1) 2 days production is free and not pack-
aged in containers, 2) the maximum inventory of 45 MT of yellowcake is on site
when the tornado strikes, and 3) 15% of the contained material is released. It
was assumed that the tornado 1if*s 11,400 kg of yellowcake. The most conserva-
tive model assumes all of the yellowcake is in respirable form. However,
Geffen (1981) reported that two yellowcake samples were sized aerodynamically
to determine the respirable fraction. This fraction was 18 and 32 wt% less
than 10 um AED, and she used the average value of 25% in her studies. Using
this 25% respirable fraction value for this release means that 2850 kg of
respirable yellowcake becomes airborne.

4.,4,1,2 Waste Retention Pond Slurry Release

Inadvertent discharge of the liquid held in the tailing ponds as a result
of dam failure would, of itself, not lead to airborne releases. However, the
exposed pond bed would become subject to wind str.sses and resul& in aig?drne
resuspension releases. Fractional airborne release rates of 10 ~ to 10 "“/sec
(Sehmel and Lloyd, 1974a) could apply to estimating this release.

Dam failure could occur as a result of an earthquake or flooding; equip-
ment failure, such as rupture of a tailings distribution pipeline; or operating
errors. Tailings dike failures have occurred in the past; however, new mills
are required to use new construction methods that could reduce this risk.
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It is not likgly that the entire volume is released. Based on historical
data, about 8 x 107 1b of solids would be an average release from a pond. It
is assumed this release occurred, but did not reach a waterway. The material
is assumed to form a l-in.-thick cover over an area approxgmatgly 4000 x 250 ft
(USNRC, 1977b). This would provide an expoged grea 1 x 107 ft® subject to 3
resuspension, or a tetal volume of 2.4 x 10” cm”. At a density of 1.6 g/cm”,
this totals 3.8 x 107 g.

Studge and slime matefbal would be wet and not prone to resuspension so
the fractional rate of 107"Y/sec would apply. The release would be 0.38 g/sec.
The release would be dependent on wind stresses and weather conditions. Some
bank surfaces could contribute additional resuspension, but releases would be
Tow, Total release could be 33 kg/24 h day. Because the ore was originally
0.2% of U308- and about 7% remains in the tailings, this is about 5 g of
uranium. It might be assumed that prompt administrative action would be taken
and the released material covered to prevent resuspension.

4.4,1.3 Fire

A fire in the solvent extraction system could be initiated if kerosene
fumes reach the flammability limit and an ignition source is introduced (e.g.,
@ spark from machinery). There could be cellulosics present to continue to
fuel the fire. Thirteen hundred pounds of yellowcake can be involved in the
procecs and based on experimentally measured releases (Mishima and Schwendiman,
1973¢c), not more than 1% becomes airborne. In these experiments, 1% or less of
the uranium in solution was released during combustion even when the vessel was
heated externally after a self-sustaining heating period. The release in the
solvent extraction fire is calculated to be 13 ib. The solvent extraction
operation is located in a building separate from other processes so they would
not be impacted. The building should retain its integrity, but for a maximum
event it is assumed that the entire release passes to the atmosphere through
windows and the ventilation system,

In two large solvent fires in uranium mills that have been reported
(USAEC, 1974), 2000 to 3000 1b of uranium were present., There was no
appreciable release to the atmosphere in either case.

The acid leach tanks contain sulfuric acid, which, if spilled on celluy-
losic material, can initiate a fire by spontaneous combustion. It is assumad
that a leak in the tank occurs, resulting in spilled sulfuric acid contacting
rags and a fire,

Because sulfuric acid is not flammable (Industrial Health and Safety
Office, 1980) the fire release is limited. However, if the leach tank
integrity is breached, it can be assumed that the building is filled with
sulfuric acid mists, droplets, agd vaporized salts as a quasi-stable aeroso)
with a concentration of 0,01 g/m” (ORNL, 1970).

These droplets could be assumed to have a uranium concentration similar to

that of the leach solution, whicg could be 85% uragium. The density of the
leach solution is about 1.2 g/ecm”, so the 0,01 g/m” airborne represents about
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0.008'cm33 At3a solution concentration of 0.85 g/cm3. the 0.008 cm3 or
| 6.8 x 1077 g/m” is the calculated uran um3airborne concentration. The total
mill buildigg volume is about 3.4 x 10" m”, and this volume is reduced to
1.7 x 10" m?, if it is assumed that half of the building volume is filled with
equipment. Therefore, 58 g of uranium would be airborne in the counter current
decantation room and later discharged to the atmosphere.

A fire in the drying and packaging area could be initiated accidentally
with a cutting tool. This fire would be small, and releases would pass through
a filter, reducing the impact.

4.4,1.4 Explosion

Propane or natural gas fired dryers containing 1600 1b of yellowcake could
be the site of a deflagration explosion. The free air space in the building
following an explosion could be filled with a yellowcake dust. Althcugh the
instantaneous mass airborne can be high, the total quantities present will
decrease with time. After 80 min, less than 10% of the initial mass might
remain airborne (Steindler and Seefeldt, 1981)., It is assumed that the aerosol
reaches a quasi-stable concentration of 0.1 g/m” (Selby et al., 1975) for a
time following the explosion. The room volume where the dryer is located is
3.8 x 103 m”; it is assumed to be half full of yellowcake for a total of
1.9 x 107 g (1.6 x 107 g of uranium) and 25% of this material could be 10 um
AED or less (in the respirable range). Dust collectors for yellowcake are 98%
efficient (USNRC, 1979b), and it is assumed they are undamaged. The
atmospheric release is then 9.5 g of yellowcake in the respirable range.

4,4,1.,5 Conveyor Failure

Equipment failure, specifically failure (rupture) of an ore conveyor to
the building could lead to airborne releases. When the conveyor breaks, ore
spills from the conveyor continuing until corrective action (stopping ore flow)
is taken, Rerhaps 10 min, At a mill throughput of 1800 MT/24-h day, 12.5 MT
(1,25 x 107 kg) of ore is spilled. The ore can be assumed fairly dry since
drying is used to reduce the moisture content (USNRC, 1980), The ore mass
moving on the conveyor is 95% in pieces larger than 100 um in diameter, only 1%
are less than 5 ym (USNRC, 1979b). Therefore about 125 kg is assumed in the
respirable size range and only a portion of that, perhaps 0.1% (Sutter et al.,
1981) would become airborne for a release of 0.125 kg of ore (0.25 g of
uranium),

4,4,2 Uranium Mill MREPP Scenario

Several levels of release values have been calculated for the uranium-mil]
accident scenarios. These are natural uranium releases, presenting a toxicity
hazard.

4.,4,2,1 Material Release

Atmospheric releases were 2850 kg of yellowcake for a tornado, 5 g of
uranium/day resuspended from a tailing pond release, fire releases of 5.9 i.g to
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116 g, about 10 g of yellowcake from an explosion, and 0.125 kg of ore dust
+ from equipment failure. The tornado impact, therefore, was the MREPP event for
uranium mills,

4.4.2.2 Factors Affecting Release

The following factors affect release at uranium mills:

Quantity of material unconfined in the facility
Onsite inventor

Retention of filtration

Particle size of material

Size of facility breach.

4.5 PLUTONIUM CONTAMINATED FACILITY

Plutonium contaminated facilities are plants fomerly used as mixed oxide
or mixed carbide fuel fabrication plants now being decontaminated and decommis-
sioned. Decontamination and decommissioning operational releases are not
within the scope of this study; Jenkins et al. (1979) covers them, Rather, we
are currently looking at the plant licensed as a contaminated facility,
referring to the residual plutonium stored as surface contamination. The
1nventg‘y of concern is t!is fixed contemination estimated conservatively as
1 x 10 7 g of plutonium/m™ (Mishima and Ayer, 1981). The total plutonium at
risk in this type of facility can range from 46 to 76 mg.

4.5.1 Potential Accident Scenarios

For fixed plutonium surface contamination, there will be little oppor-
tunity for airborne release. The inventory is not in a dispersible form and
will require mechanical or aerodynamic stresses sufficient to dislodge it.
Events that are discussed are tornado, earthquake, fire, explosion, external
event, and criticality.

4,5.1.1 Tornado

Damage resulting from a tornado could include crushing of glove boxes by
failure of building interior partitions. The number of glove boxes damaged in
the event would be dependent on the magnitude of the tornado windspeeds.
Crushing the glove boxes would result in stresses sufficient to suspend fixed
surface contamination,

Svssace cogéamination is conservatively estimated using a resuspension
factor of 10 “/m (Mishima and Ayer, 1981). The maximum dimegsions of a
glove box are 7 ft x 3 ft x 3 ft and the volume is about 1.8 m", Using the

airborne concentration (units/m3)

R i factor: k/m =
(e} Meevapension / contamination level (units/m“)

4.24



10" g of plutoniun/m2 surface contamination levels, assuming the glove box
volume is the affected volume, the instantaneous release per glove box is:

(10°%/m)(10°% g Pum?)(1.8 m3) = 1.8 x 1078 g Pu .

This calculates to 1.4 x 10" g of piutonium if all 80 glove boxes are
involved. This is the maximum number of glove boxes in a facility.

Plutonium material could be embedded in the glove box filters and shaken
loose in this event, However, it can be assumed that new HEPA filters were
emplaced at the implementation of the storage mode. Since the glove boxes are
not used during storage, there would be negligible plutonium carried to the
filters by minimal airflow, so no release is estimated from this source.

A1l plutonium not instantaneously suspended could become airborne if
contaminated surfaces are exposed to the existing wind field. Breached glove
boxes could be assumed buried under rubble and debris generated by the event so
only a small portion, less than an estimated 10% could be graject to suspen-
ston. An appropriate resuspension rate to use could be 10 "“/sec for the fixed
contamination, since the most readily removed material was released instan-
taneously. The contaminated arca inside a glove pox can range fogm 9.4 to
15.2 m“, The release could range from 9,4 x 10 to 1.52 x 10 g of plga
tonium/sec dependent on glove box size. Maximum release would be 1.3 x 10 " ¢
of plutonium from each glove bgé in 24 h following the event, for a total
resuspension release of 1 x 10~ g,

4,5.1.2 Earthquake

Collapse of the exterior walls and roof could lead to glove box damage
similar to that described for a tornado. To estimate the maximum event, the
instantaneous and time-dependent release are assumed the same as for the tor-
nado release,.

4,5.1,3 Criticality

Plutonfum-rich, silica-like sludges tend to accumulate in significant
quantities in chemical plants that have been in operation over a period of
years, These deposits can be created with a low hydrogen/plutonium atomic
ratio raising the possibility of an autocatalytic nuclear excursion (Stratton,
1967), In contaminated facility status, equipment will have been removed.
However, drain pipes might not have been replaced, and could conceivably
contain sludge deposits. I[f such a sludge inadvertently exists in the cleaned
out storage facility, addition of water ?:.9.. a flood) to a mass of this
material could force it to the critical state. Stratton concluded that even
for such an apparently dangerous situation it is difficult to imagine an
explosive reaction, Based on his curclusfons and the unlikelihood of
inadvertent sludge accumulation to a level where criticality is possible, it
does not seem that a criticality accident is feasible.
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4.5.1.4 Fire

These buildings are generally concrete and steel. Walls are usually rein-
forced concrete block, although the Westinghouse plant has corrugated steel
siding exterior walls and cement plaster interior walls with steel studs. The
roof may be metal decking supported by structural steel columns or steel
decking with a concrete slab. Therefore, there would be little to sustain a
fire in the event one started, and no release from the facility is anticipated
as a result of fires,

4.5.1.5 Explosion

Only empty glove boxes are left in the cleaned out facility, so there are
no process-related materials to initiate an expiosion. The only potential
explosion initiator could be the heating plant. An explosion from this source
would probably not impact the glove boxes, and no release is identified.

4,5,1.6 External Event

The only fire/explosion-type event that could be envisioned generating an
airborne release would be an airplane or truck crash puncturing the building
walls, dumping fuel in the facility. A large pool fire is assumed ignited and
could involve contaminated plastic surfaces, thereby aerosolizing some of the
plutonium, Plutonium is not considered volatile so suspension would require
that it be attached to a burning material. Because metal surfaces will not
burn, only plastic material is involved,

It is assumed that the airborne release from burnin? cellulosic mutxrials
would apply to plastic, so the appropriate fractional release is 5 x 10

(Mishima and Schwendiman, 1973b). These would be releases from the plastic
glove box surfaces, estimated at about one-fifth of the glove box surface area.

If all the glove boxes in the building were involved, the totel source
would range from 9.2 to 15 mg, resulting in a maximum of 7.5 x 107" g airborne
in the facility.

This scenario seems highly improbable and is included for illustrati>n
only.

4.5.2 Plutonium Contaminated Facility MREPP Scenario

The MREPP scenario for plutonium contaminated facilities is the tornado
accident, Mechanical and aerodynamic stresses from the tornado resuspend
plutonfum surface contamination.

4,5,2.1 Material Release

In the unlikely event that all of the maximum 80 glove Roxes in a facility
were crushed, the total release is estimated to be 1.4 x 107" g. It is all
assumed released to the atmosphere,
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4.5.2.2 Factors Affecting Release

The following factors affect release at plutonium contaminated facilities:

Probability of the event is 10'7/yr (Mishima and Ayer, 1981)
Plutoni.m surface contamination inventory

Wind speed

Glove boxes breached

Number and size of glove boxes

Residual contamination level.

4.6 RADIOPHARMACEUTICAL MANUFACTURING

Radiopharmaceutical manufacturing facilities produce a wide range of
radionuclides and the individual licenses cover products with atomic numbers in
a range from 3 to 83 as well as specific identified amounts of other radionu-
clides. Physical forms can include solids, liqyéss, colloids, gasegy or
microspheres (Grotenhu1§33l966). Examples are Au as a colloid, “"P as
chromic phosphate, and Xe gas. Each form responds differently to accident
stresses: gases will become immediately airborne if a container 1s breached;
tritium is volatile forming water vapor; radioiodides are volatile; cesium and
strontium are semivolatile depending on temperature (Junkins et al,, 1964),
Thus dispersibility ‘s a function of form plus physical properties.

Some facilities produce only one or two radionuclides, others many. Quan-
tities of tggse invengories cqver a wide range of values from millicurie
amounts of “"Cr to 10" Ci of "H. Thus the isotopes of concern will vary with

the site, Radionuclides with potential inyentories in _curie untg we
l;itedsln Tagge 3.39 Thg§ 1nc£!de giiAm,ggsC. §§7Cs, 5i§53 lag:u. 3H. {551,

i, "Fe, KP, MO, M, TP, ""Se, "¢, TS, and Xe. One unique
sftuation in this category is 1000 Ci of tritium associated with waste stored
at the Billerica facility. Tgis quantity could not be considered a generic
situation, However, because “H is the largest inventory at risk, it will
determine the MREPP from this operation. However, other radionuclides can
contribute more significantly to the radiological consequences of the release
and will also be discuiiid. Igg mAngum allouﬁble concentration in air (USCFR,
1983b) indicates that14 Agl “5, 85[’ and l§§ are of tne most concern (of
those listed above); " C, “"Cr, "H, Kr, and Xe would be of less concern,
Table 4,2 lists the isotopes at the different levels of concern based on per-
missible air concentrations. In another listing, the National Institute of
Health (1972) ciassified isotopes according to relative radiotoxicity per unit
activity, The above radiopharmaceuticals listed in those classes are the
following:

e Class 1 (very high toxicity): Z‘IAm,
e Class 2 (high toxicity): 125!. 1311

e Class 3 (moderate toxicity): l37(:5, 198Au, SsFe. Bsxr, ggno, 32P,
35S lJJxe

90Sr

Class 4 (slignt toxicity): o¢, %lce, n,
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TABLE 4.2. Selected Isotopes Found in Radiopharmaceutical
Manufacturing Facilities Grouped by Hralth
Concern Based on Permissible Air Concentration

Intermediate

High Concern Ranges Low
Concern Ugggr Lower Concern

201, 137, 198y, 14

M i %k 81,

W WA

0, M 18, 85,
133y,

Isotopic half-l1ife could be considered in evaluating events involving the
short-1ived 1sg§opcs. Of the isotopes in the significant quantity category
listed above, ““M> has the shortest ha\[‘life at 66,79 h, Other half-lives
range from several days to 5730 yr for “'C. All, therefore, have a lifetime
long enough to be of concern in an emergency preparedness accident scenario and
the impact could be dependent on the process phase. For example, when associ-
ated with process waste, the shorter lived ones might be assumed expended since
after 10 half-lives have passedgghey would have decayed to background levels
(Sodee and Early, 1981). Thus ““Mo associated with waste could be assumed
expended after 668 h or 28 days.

4.6,1 Potential Accident Scenarios

Two portions of the radiopharmaceutical operation will sometimes contain
relatively larger amounts of radionuclides an., therefore, be the site of acci-
dents with potentially higher releases. These a:. the shipping/receiving and
waste storage areas. During processing, the isotopes are commonly3used in
small amounts in hoods, caves, or glove Luxes. In one operation, “H processes
were concentrated in one general area.

Events that nave been considered for this category are loading dock fire,
explosion (including natural gas), facility fire/deflagration, tornado, earth-
quake, leaks and spills, cyclotron accident, and fire incidents involving
waste,

Because fires are significant accidents for facilities, the potential
behavior of important nuclides in response to fire stresses will be discussed
before the accidents are postulated. Fractional releases of some of the
nuclides have been developed in experimental work; however, this type of
information is limited at present and usually covers isotopes that would have
the largest health effects. Separation techniques and other information devel-
oped for chemical analysis is used to give clues as to the volatility of other
isotopes. Vapor pressure, boiling point, and behavior of nonradioactive ele-
ments will be used to suggest release potential if no experimental measurements
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were available., However, this is no*t considered conclusive evidence of their

behavior. Nonvolatile nuclides associated with waste materials such as paper

and rags are assumed to have a fractional release similar to that experiment-

gllylggasured from burning contaminated waste (Mishima and Schwendiman 1973b),
X .

The suggested volatilities for selected isotopes found in radiopharma-
ceutical material facilaities are as follows:

e Americium-241 can be volatile at extremely high temperatures. This
conclusion is based on americium purification work in which trace amounts
separated by volatilization gave a yield on the order of 50% (Penneman and
Keenhan, 1960), Americium is separated from lanthanum hased on volatility
(Schulz, 1976), and the vapor pressure of the americium metal can be
calculated:

log p (atm) = (6,578 ¢ 0.045) - (14,315 ¢ 55)/T(990-1358°K) .

Based on vapor pressure studies 241Am can be volatile above 1727°C (Ward
et al,, 1976). Americium is a decay product of plutonium (Weast, 1973).
I#¥ the properties are similar, the release factors for burning plutonium
contaminated liquids and powders might be appropriate to use at lower
temperatures (1000°C). Hea%ed plutonium powder had a maximum release rate
of 0.82% (Mishima et al,, 1968a) and plutonium solution 0.3% (Mishima

et al,, 1968b). Therefore, 1% is selected as the conservative upper limit
release for americium since the material can be found as either a powder
or in solution,

e Carbon-14 can be found as gaseous COp or as labeled barium carbonate
crystalline solid (NEN, 1976), The gas would all be released if its con~
tainment is breached in the fire, This could pessibly occur due to
prassurization of the container from heating in the fire, It has been
consiqsred easily volatilized (Durkosh, 1980)., Therefore it is suggested
that “7C be considered completely airborne in a fire,

e Cesium=137 exhibits volatility on heating as found in experimental studies
of potential heat-generated releases. These studies show that volatility
is a function of increasing temperature. Releases at 1000°C in percent
per hour were found to be: 1 (Albrethsen and Schwendiman, 1967), 1 or
less (Mishima and Schwendiman, 1973c), 1.5 (Gray, 1981), and 4,2 (Walmsley
et al., 1969). Some of the volatile release could be removed by filter
retention and condensation (35 to 93%), and an additional 30% by deposi-
tion (Hilliard, 1959). Based on this 1nformt§’on. 1% per hour is the
suggested conservative release fraction for Cs, assuming there will be
some mitigation of the release.

e Chromium=51 forms can include chromic chloride solutions, sodium chromate,
or EDTA complexes (NEN, 1976), Its volatility 1s not available, However,
it has a high boiling point, 2672°C (Weast, 1973), and does not seem to be
a candidate for high fire generated release levels, During chemical
separation by distillation, chromyl chloride was found to be the only
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volatile furm of chromium (Pijck, 1964)., Typical distillation of °ih'r
chromium forms yielded 0.03%, Bcsedsgn this information, a 3 x 10°
fractional release is suggested for “'Cr,

Gold-198 could be in an acid solution. Gold melts at 1064°C and boils at
2807°C (Weast, 1973) suggesting that it could be considered a semivola-
tile. Gold can be volatilized from rapidly evaporating aqua regia
(HC1-HNO3) solutions or 1f evaporated from HpS04. Solutions containing
gold Iosg about 1 to 3% on evaporation (Emery and Leddicotte, 1961).
Because the gold can be in an aqua regia solution it is assumed semivolj-
tile, and the conservative fractional release estimate would be 3 x 107¢,

Hydrogen=3 (tritium) is volatile angd could be released from breached
containers. One study of breached containers estimated that 98% of the
total inventory was released in the first hour after the event (Niemyer,
1970), and heat woyld not be required for volatilization. In this work
Niemyer noted the could be released at 25°C., Therefore, the entire sH
fnventory could be assumed afirborne even at ambient temperatures. The
release to the environment would usually be converted to the uxide form
quite rapidly and dispersed like ordinary water (Jacobs, 1968),

lodine-125 and ~131 are of concern because they are considered volatile
isotopes (Kristensen, 1979). lodine solutions are volatile (Gandsman

et al,, 1980), At ambient temperature, Nal solutions generate volatile
fodides and achieve a steady-state vaporization rate (Pollock and Myser,
1979; Quinn, 1980), Volatilization can be a function of increasing tem-
perature (Rimshaw and Case, 1981), and fodine has been found to be almost
completely volatile during combustion and has compounds that are volatile
at room temperature (Alexandier et al,, 1981), Mishima and Schwendiman
(1973c) found that 65% of the fodine in a TBP solution was released during
liquid burning, and further heating of the residue resulted in a total
fodine release of 83%, Using a conservative approach, 1t is considered
100% volatile in a fire,

[ron-55 may be assumed similar to nonradioactive iron, which melts at
1535°C and bofls at 2750°C (Weast, 1973). Vapor pressure measurements
(Nesmeyanov, 1963) suggest the solid material is nonvolatile. Ilron oxide
decomposes at 1300°C and temperatures less than about 1100°C are recom-
mended during analytical procedures. Iron=55 can be in actd solutions
(NEN, 1976). A separation technique for fron in a mixed acid solution
evaporates the solutfon to dryness, This method yielded 99% indicating a
maximum loss of 1% (Nielsen, 1960), Wnile all of this loss might not be
caused by volatility during evaporation, the value might be used to
suggest a conservative upper Timit release factor of 1%,

Krypton-85 1s a gas and would become afrborne in a fire,
Molybdenum=99 {s stable in air and 1t 1s, therefore, assumed that

n¢?11g1blo amounts would become a‘rborne in a fire, The melting point of
molybdenum 1s 2617°C and the boiling point 1s 4612°C,
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® Nickel-63 has been assumed stable (Wang, 1969) and is, therefore, not
airborne in a fire. Separation techniques that include boiling nicke)
solutions had & recovery of nickel (Kirby, 1961). This behavior
suggests that "°Ni is nonvolatile in a fire environment.

® Phosphorus-32 could be considered to resemble other forms of phosphorous
$uang. 1969), which are volatile and therefore would all be airborne in a
fre. This assumption is substantiated since phosphorous can be separated
from acid solutions based on phosphorous volatility (Mullins and
Leddicotte, 1962).

® Selenfum-75 is found as acid solutions, Selenium has a boiling point of
685°C (Weast, 1973), The solid melts at 221°C and boils at 685°C forming
a yellow vapor (Bagnall, 1966), It is very reactive forming the dioxide
on burning. It could be considered volatile in a fire environment, and
this is confirmed by the fact that selenium is separated from other metals
on the basis of volatility, In the chemical behavior of selenium, studies
showed that selenium is lost from samples due to volatilization. It fis
{glggilizcd from dilute HC) solutions above 100°C (Molinski and Leddicote,

® Strontium-90 releases have been studied experimentally, and Wsr was found
to s,,’volctilc. Releases were three orders of magnitude less than those
for Cs (Albrethsen and Schwend.man, 1967). In another study, 0.2% of
the strontium was released from burning contaminated tributyl phosphate in
d kerosene-type diluent (Sutter et al,, 1974), Therefore, this value may
be used as the fire release fraction,

® Sulfur-35 can be found as a sodium sulfate solution, as sulfuric acid, as
elemental sulfur in benzene solution, or as labeled compounds such as
502. Sulfur is low botling ranging from 113°C to 445°C (Weast, 1973,, and
4150 has a gaseous form, It 1s an easily fgnitable combustible s011d with
an ignition temperature of 450°C (NFPA, 1978), Sulfur dioxide is the main
incineration product of sulfur (USEPA, 1977) and co§&d be considered
volatile in a fire environment, Sulfur, includaing 3°S, 1s analytically
separated on the basis of hydrogen sulfide (a colorless gls) volatility
(Leddicotte, 1962), This supports the conclusion that °°S would be
completely volatile in a fire,

® Xenon-133 1s a gas and {s therefore considered volatile,

T:o suggested volatilities discussed above are shown as release factors in
Table 4.3,

4,6.1.1 Loading Dock Fire

Raw by-product material 1s delivered to the radiopharmaceutical manu=
facturers by truck, The largest inventories of nuclides are usually found in
these areas on shipping days.

4,31






Other radioactive materials could be on a shiqggng dock and releases of
these isotopes could be of concern, Shipments of I are approximately 4 Ci
each, and this entire inventory is assumed airborne. Other géotopes poten=-
ilally involved ng assu 5completﬂy airborne are 5 Ci of ““P and 10 Ci of

C. As gases, Xe and ““Kr would all be released if the shipping containers
are9 reached. Releases are 450 and 200 Ci, respectively. Negligible amounts
of “"Mo would be released from canisters containing ?99 Ci of solution,. 9ahip-
ping regulations allow packages containing 10 Ci of Cs and 0.4 Ci of 7YSr in
normal form (USCFR, 1983a). (Normal form is a Serm other than special form
such as encapsulated sources.) Cesium-137 and “YSr exhibit volatility and,
since the fire is assumed to last 12.5 min, the release wguld be f§9Ut 20% of
the relegie for 198. This results in releases of 2 x 10" “ Ci of Cs and
1.6 x 10 " Ci of ““Sr per package of the normal form.

Amounts in shipments will vary. The amounts that are suggested are
typical amounts that might be found on the loading dock and are included for
illusiration only. Also, the isotopes would not all necessarily be on the
loading dock at the same time.

In some facilities radioactive waste is stored in the shipping/receiving
area and, therefore, could potentially become involved in the fire. Because
the 20-ft fire is centered around the truik, it would seem that the waste would
be stored at a distance where it would not necessarily become involved unless
other events intervened. For example, the waste storage area could be heated
using natural gas heaters and use propane fueled front-loaders to move the
waste, Involvement of either or both of these combustible fuels in the fire
could mean additional releases from the drummed waste.

It is therefore assumed that the fire spreads to the waste area where it
heats and ruptures drums containing lab trash. A fraction of the stored waste,
perhaps 10%, is expelled from the drum. and contributes to the fire. Volatile
nuclides associated with this expelled waste become airborne. The nonvolatiles
associated with tgg cellulosics in the drums become airborne with a fractional
release of 5 x 10 ° and §he volatile§4are all air?ggne. The expe!led3}ab trash
could contain 200 Ci of “H, 5 Ci of “'C, 1.Ci of I, and 0.5 Ci of “°P,

These are all assumed volatilized. Since ““P has a 14.3-day nalf-life, it
could be assumed decayed at the time of the fire.

4.6,1,2 Tornado

Radiopharmaceutical manufacturing facilities are built according to
specifications of the uniform building code and are not constructed to
withstand tornado damage. It is assumed that a tornado could strike an
operational radiopharmaceutical manufacturing facility. The results could be:

e Wall damage and loss of roof

® Missile generation

e C(Caves remain intact

® Fume hood and glove box damage.
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Generators preparing 99"‘Tc from 99Mo are another segment of the work. The
operations resemble those of a chemical laboratory, and work is performed on
lab benches or in hoods in a few small rooms. Typical work is pipetting dose-
size aliquots of an isotope solution into a syringe and individually packing
them in lead carriers ready for hospital use.

The isotopes used are similar to those in radiopharmaceutical manufac-
turing, but in very amall guantities, License limit ranges were listed in
Table 3.6 and show 9 Mo with the maximum potentigl invensery, 426 Ci. Isotopes
of more concern with regard to health effects, I and ““Sr, would have
maximun potential inventories of 4.5 and 0.5 Ci, respectively. Depleted
uranium enclosed in a stainless steel casing can be used as shielding, and the
maximum license allows 91 kg.

4,7.1 Potential Accident Scenarios

The small scale of the operations, low license limits, and small
individual packages reduce the risks associated with a radiopharmacy.
Accidents discussed are spills and leaks, tornado, earthquake, fire, and
explosion.

4,7.1.1 Spills and Leaks

Airborne releases from spills would be at a low level because of the small
amounts used and quantities in con}siners. Typical amounts involved in a spill
could be a container of 10 mCi of [ as a Nal solution (NEN, 1976). It is
assumed that due to operator error,lglfull container of Nal is overturned,
spilling the entire contents. The I spill is volatile and will be released
at a steady-state rate. Therefore, it is estimated that the entire 10 mCi
becomes airborne. Because the operation does not typically use charcoal
filters in the ventilation system, this entire release, even when spilled in a
hood, would be carried to the atmosphere outside the facility.

4,7.1.2 Tornado

These facilities would not generally be constructed to withstand tornado
damage. Therefore, if a tornado strikes a radiopharmacy, severe damage and
breaching of the facility could be anticipated. The isotopes in process at the
time of the event could be considered at risk. Packaged isotopes (e.g., lead
igielded syringes) should not breach as a result of the tornado. Amounts of

I actually in process would be in jeopardy since they would be in open
containers, and the release would be similar to the spill release or 10 mCi per
containers in process. It is not conceivable that the entire maximum inven-
tory, 4.5 Ci, could be in jeopardy at one time.

Earthquake damage to a radiopharmacy could be anticipated to be similar to

tornado damage. Spilled material could be carried to the atmosphere by build-
ing airflow resulting in releases similar to the tornado event., I[f the
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4.7.2 Radiopharmacy MREPP Scenario

The facility fire is the accident with the MREPP potential at a
radiopharmacy.

4.7.2.1 Material Release

Release of radioisotopes from a facility fire based on inventory limits
will be from material in process Yg? associateg with cgataminated waage. These
potential Sgleases are 4.5 Ci of I, 2 x 1072 Ci of “Ysr, 1 Ci of ?7Mr¢,

75 Ci of ! Xe, and 910 g of uranium. Actual releases would depend on the
inventory on hand at the time of the fire.

4,7,2.2 Factors Affecting Release

The following factors affect release at a radiopharmacy:
e Inventory on hand
e Effectiveness of fire suppression systems
e Building construction.

4.8 SEALED SOURCE MANUFACTURING

Facilities licensed in this category produce sealed sources or self-
luminous devices or are distribution centers for these devices. The latter
procedure is generally receiving the isotope and repackaging it in the desired
configuration. In other operations some chemical processing occurs.

Some facilities handle using radiopharmaceutical isotopes. Rather than
cover these again within this category, the user is referred to Sections 4.6
and 4.7, radiopharmaceutical manufacturing or radiopharmacy when appropriate
to do so for a safety analysis. Waste warehousing is another function
performed and that section of this report can be used when applicable for a
safety assessment. In this category, warehousing can include storage of bulk
shipments as received or manufactured sources before disbursement.

License limits can range from a few millicuries to a maximum 2{ 1 x 595 Ci
2 1 C

r "H,and includg_a vagjgty of jsotopes. The most comman are: Am S
g8Co, 3, er, gsxr, Elspo, 1"}Fm, ‘mra, Tt;Orm, oy S PR
depleted uranium are also found in these operations. Significant maximum

inventories of these materials are listed in Table 3.7.

The majority of the tirie, the i1sotopes are in a form not susceptible to
airborne release. These could be for example, pellets, metallic wafers or
foils, or platinum gauzes. ' Plastic microspheres of controlled particle size
encase some of the isotopesi. These are generally sphericabsand range from
10 to 250 um in diameter (Grotenrhuils, 1966). Tritium and “Kr are gaseous and
would disperse if their containment is bre2ched. Isotopes are particularly
vulnerable to dispersal when they are in the prncess flow. When they are being
processed they could be in open containers that co.ld be spilled in an
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accident, The quantity of 3 would make it the MREPP, but there are large
inventories of radionuclidas with significant biological effects, and their
releases are also discussed. The relztive .azard of these isotopes as
reflected in the allowablz air concentrations (USCFR, 1983b) is listed in
Table 4.4 for the isotopes commonly found in sealed source manufacturing
facilities.

TABLE 4.4. Selected Isotopes Found in Sealed Source
Manufacturing Facilities Grouped by
Health Concern Based on Permissible
Air Concentration

Intermediate
High Concern Ranges Low
Coniern Ugger ggwer ancern
2 Am Cs Co H
210p0 1921r 85Kr
905r 147pm
1701,
Pu
U

The National Institute of Health (1972) classified these isotopes as
follows:

90 241 210 239

® Class ! (very high toxicity): Sr, Am, Po, Pu

e (Class 7 (high toxicity): 170Tm, natural uranium

e C(Class 3 (moderate toxicity): 60Co, 85Kr, 137Cs, 147Pm, s £
e C(Class 4 (slight toxicity): 3H.

183

No information on Ta toxicity was suggested in either source.

4.8.1 Potential Accident Scenarios

Potential accidents are similar to those postulated for radiopharma-
ceutical manufacturing facilities. Events that are discussed include: fire
during process operations, tornado, earthquake, leaks of both liquids and gas,
spiliz. explosion, and facility fire.

"ires are an important accident type and the potential isotope releases
are discussed first., These facilities use many of the same isotopes as the
radiopharmaceutical manufacturing facilities, plus some additional isotopes.
Only the potential release of these additional isotopes is discussed. The user
is referred to Section 4.6.1 for the discussion of isotopes common to both
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operations with re]gﬁzg’figsors §Y83§Stfg7;; Tig§$a4.}70TRelease factors are

developed here for

Ir, m, plutonium, and

uranium and are listed in Table 4.5.

Cobalt-60 is used as a sealed source. The melting point of cobalt is
1495°C, boiling point, 2870°C (Weast, 1973). Analytical determinaticns
include sample ignition (Bate and Leddicotte, 1961) suggestiga Tow
volatility. In studies of contaminated wTase incineration, ““Co was
suggested as slightly less volatile than Cs (eaexander et al., 1981).
Based on the distrig,tion of both nuclides, t57 Co volatility would be
about 20% that of Cs. The volag&lity of *“'Cs was suggested at 1% per
hour. Based on tn§s information, ~Co is suggested to have a fractional
release of 2 x 1077/h,

Iridium-192 has been classified as a nonvolatile (Leddicotte, 1961) and
impurities are removed from it by distillation. It is therefore con-
sidered nonvolatile in a fire.

Polonium-210 is found as a liquid, in sealed sources, and microspheres.
Polonium is a low-melting fairly volatile metal, 50% of which is vaporized
in air in 45 h at 55°C (Neast,2}873). The melting point 1s 254°C; the
boiling point is 962°C. Many Po compounds are volatile (Figgins,
1961), show 10% weight loss at 300°C (Bagnall, 1957), and are considered
somewhat volatile (Moyer, 1956). In air, polonium begins to sublime
(convert to a vapor) at 700°C and is completely volatile at 900°C. One
chemical separation procedure warned against flaming the sample and losing
the polonium. Vaporization of polonium deposited on platinum beginélﬂt
350°C (Haissinsky and Tuck, 1964). Based on all this information, Po
is considered volatile in a fire environment.

Promethium-147 in encapsulated form is used for sealed source produc-
tion. With a melting point of about 1080°C and boiling point about 2460°C
(Weast, 1973), it could have some degree of volatility. Wheelwright
(1973) reported a,0.1% processing 1055135 1100°C. This value is used to
suggest a 1 x 10 © release factor for Pm.

Tantalum-183 can be found as metal or sealed sources. Tantalum has a high
boiling point, 5425°C, and mel}ing point, 2996°C (Weast, 1973). The vapor
pressure at 1737°C is 9.5 107" mm of Hg (Moshier, 1964). Therefore, it
is considered nonvolatile,

Thulium=170 is found as a sealed source. Thulium is reasonably stable in
air with a melting point of 1545°C and a boiling point of 1947°C (Weast,
1973). It would not appear to be volatile ug;él extremely high tempera-
tures are reached, over 1500°C. Therefore, Tm is considered non-
volatile in a fire.
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TABLE 4.5, Fire Release Factors Developed for Selected Isotopes Found
in Sealed Source Manufacturing Facilities

Suggested
Element Isotope Release Factor Comments
Cobalt °dcg 2 x 1u"3/n Slightly less volatile
than Cs
Iridium 1921, e Nonvolatile
Plutonium 1 x 1072
Polonium 210Po 1
Promethium 14750 1 x 1073 Based on processing loss
Tantalum 1837, - Very high boiling poin